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INTRODUCTION 

Present Status Of Soil Moisture Measuring Systems. 

Many systems of instrumentation for the determination of the 

vater content of soils have been proposed and used vith varying 

degrees of success* The most accurate method is time-consuming and 

is not adaptable to moisture determination of soils in situ. Other 

methods are either slow or they are subject to a considerable time 

lag, or hysteresis effect, wherein the instrument response lags be¬ 

hind soil-moisture change* That there is a considerable hysteresis 

effect in soils themselves as reflected by the time differences be¬ 

tween a wetting curve and a drying curve, is common knowledge. 

This effect presents a real problem in the application of auto-irriga¬ 

tion systems* 

The need for an instrument or a method for the rapid determina¬ 

tion of soil-moisture levels and soil-moisture movement which is not 

subject to equilibration time has not been fulfilled. Such studies 

as moisture gradients and vapor phase relations require instrumenta¬ 

tion which can reflect momentary changes. 

Theory Of Dielectric Change As Applied To Soil Moisture Determinations. 

Of the several principles which have been applied for the deter¬ 

mination of soil-moisture levels, either on a laboratory basis, or on 

soils in situ, that of the determination of the change in capacity of 

an electrical capacitor by virtue of its dielectric changes as effect- 

r 



ed by increments of water has had some study, but limited application; 

this fact is reflected in the review of pertinent literature. 

The concept of the dielectric method is based on the following 

factors which effect the capacity of an electrical capacitor. These 

are* the area of the plates, the distance between the plates and the 

material, or dielectric, between these plates. These factors are 

related according to the formula* 

C = 0.224 K A (n-1) 
d 

C Capacity in micromicrofarads (mmf) 
K Dielectric constant 
A Area of one side of one plate in square inches 
d Distance between plates in inches 
n Number of plates 

This formula shows that as the value of K is varied the value 

of C changes proportionally. When such typical K values as are listed 

below are used in the dielectric field the capacitor*s capacity is 

proportionally changed. If materials are moistened with water, the 

dielectric value of which is 80 times that of dry air, the change is 

a function of the amount of moisture present. 

Material K 

Fiber 
Polystyrene 
Water (distilled) 

Dry air 
Soils 
Coimnon glass 

1 
4-7 
4.2 

5-7.5 
2.4-2.9 

78-80 
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In those soil dielectric studies which have had the primary ob¬ 

jective of soil-moisture level determination, the investigators have 

resorted to an indirect application of the dielectric change principle 

by the insertion of an absorbant medium between the capacitor plates, 

then the moisture content of this intermediate substance has been de¬ 

termined. This has been done to eliminate the effects of complicating 

variables* Such introductions have had that desirable effect, but 

they have also introduced those undesirable hysteresis effects which 

make instantaneous determinations impossible. 

The Objectives Of These Studies Are» 

4 

The instantaneous determination of moisture in soils and other 

materials* 

The design of suitable, sensitive instrumentation for the detect¬ 

ion of dielectric change directly in soils, and other materials, as 

caused by varying degrees of moisture. 

To determine the nature and effects of those variables which can 

effect dielectric values in moist soils* 

r 



REVIEW OF LITERATURE 

Fart A, Common Methods Of Soil-Moisture Measurement. 

A comprehensive review of the common methods of soil-moisture de¬ 

termination indicates that these systems fall naturally into two broad 

categories* Direct Methods, wherein the actual amount of water present 

in a soil is weighed. Indirect Methods, wherein the effects of incre¬ 

ments of water in soils are determined. 

Direct Methods. 

Percent water by dry weight* The direct weighing of a soil sample 

with subsequent oven drying at temperatures between 105 and 110 degrees 

centigrade to a constant weight and the calculation of the water lost 

expressed as a percent moisture on a dry weight basis is the classic 

gravimetric method ofsoil-moisture determination. Although this method 

is slow it is absolute and it is used as the reference standard by 

which other methods are evaluated. 

Percent water by volume* In this method core samples, or soil 

plugs are taken by suitable containers; weighed wet and oven-dried as 

above. The loss of water is expressed either as percent by volume of 

the sampling container, or by conversion to inches of water per acre- 

furrow-slice • 

Moisture absorption units* This classification includes such de¬ 

vices as soil point cones and sorption blocks. These are usually made 

of porous ceramic materials which are water absorbent. The change in 

weight of the unit is used as the measure of soil moisture. This mdhod 
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is described by Davis and Slater (13). Although the equilibrium time 

and hysteresis effects, as described by Richards and Veaver (25) are 

undesirable factors and restrict the use of this principle, many mod¬ 

ifications and adaptations have been made. Automatic weighing and con¬ 

trol devices have been applied to such units for irrigation purposes. 

Indirect Methods. 

Some chemical methods of soil moisture determinations are: The 

change in specific gravity of alcohol which has been leached through a 

soil column is changed by its absorption of water, "This change is a 

reasonably accurate method of moisture determination which can be effect¬ 

ed in about fifteen minutes." Bouyoucos (6). The rise in temperature 

when one gram of soil is treated with two ml of concentrated sulfuric a- 

cid was used by early workers to determine soil moisture. The evolu¬ 

tion of acetylene gas from a mixture of calcium carbide and soil, and 

other chemical methods have given varying degrees of success in moist¬ 

ure measurement. The results of chemical reaction methods are usually 

expressed in terms of percent by weight of soil, either wet or dry. 

The tensiometer employs the principle of the measurement of a neg¬ 

ative pressure created by the loss of water from a resevoir through a 

porous membrane to the surrounding soil. The rate of water transfer is 

determined by the amount of water present in the soil. The partial 

vacuum created by the water movement is read on a vacuum guage or merc¬ 

ury manometer. For accuracy, atmospheric barometric correction factors 

are necessary. An equilibration time is also necessary. Coleman, 
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varies with salt concentrations, indirect soil solution conductivity 

measurement of the amount of water absorbed by gypsum blocks was intro¬ 

duced by Bouyoucos and Mick (7) (8). This provided a constant medium 

for the electrodes and the saline interference was effectively equal¬ 

ized. A second problem of polarization of electrodes when direct cur¬ 

rent was applied was resolved by the use of alternating electrical cur¬ 

rents. This system has had extensive use and continued improvement, 

however, the rate at which the soil blocks equilibrate with the soil 

is highly variable. Equilibration time is determined by the steep¬ 

ness of the moisture gradient, Anderson (2) stated, "The blocks work 

most effectively when they are emeshed in the roots of actively trans¬ 

piring plants." There is, also, a large hysteresis factor to be con¬ 

sidered. This hysteresis condition varies with soil texture. Since 

gypsum blocks are of fine texture they tend to retain water while 

coarser textured soils, having poorer contact with the blocks, lose 
T* 

moisture more readily than the blocks. 

Electrical capacity measurements: This is the method under study 

here; it is discussed as Part B of the review of literature. 

Neutron scattering methodt With the advent of the atomic age has 

come the most recent approach to instantaneous soil moisture determina¬ 

tions. van Bavel et al (29) have been pioneers in the application of 

the neutron scattering method in Agricultural soils. Although the in¬ 

strumentation of this method is complex and costly it appears that the 

neutron scattering method will have high degree of probable success; 

more especially in field applications. The principle applied here is 

that fast neutrons are slowed down when they collide with hydrogen ions. 
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A radio-active source supplies these fast neutrons to the soil and a 

slov neutron detector measures the reflected slov neutron rate. The 

rate of slow-down of neutrons is a function of the soil moisture which 

supplies hydrogen ions. Some variables can cause trouble; hydrogen in 

organic matter and variable soil densities may interfere. Veeks and 

Stolzy (3® made use of this method in studies with a sandy California 

loam and have this to say, "The neutron method can provide additional 

information over that obtained by conventional soil sampling proced¬ 

ures." This statement refers to the possibility of instantaneous 

moisture determinations which is the ultimate objective of the present 

study. 

Part B. Applications Of The Dielectric Principles To Soil Moisture 

Determinations. 

The first account and demonstration of making moisture determina¬ 

tions by means of dielectric measurement in materials was performed by 

W. Lawrence Balls (4) of the Ministry of Agriculture before the Cairo, 

Egypt, Scientific Society on Fehruary 28, 1932. 

Prior to this effort studies of radio wave propagation and its 

associated ground attenuation phenomena had indicated that the pres- 

ence of water and electrolytes in the water affected both the electri- 
* 

cal conductance and capacity of antenna systems. Latty and Davis (21) 

reported in 1931, "It is seen that the presence of a salt in water pro¬ 

duces an increase in the dielectric constant. The increase is propor¬ 

tional to the concentration and is the same for uni-valent salts within 

the limits of experimental error. The increase at 18° is equal to that 

of 25° for salts of the same concentration". These present studies 
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will show that divalent salts also produce the same increase in dielec¬ 

tric value at corresponding concentrations of monovalent salts. Table 2, 

Balls* (4) first work showed that the conventional capacity bridge 

is not a satisfactory means of moisture measurement since "power losses 

are too great" and introduced the idea of using the resonant circuit of 

a self-excited oscillator, having a frequency of 2000 kilocycles. The 

basic concept is that of using an external capacitor in parallel with 

the resonance tuning capacitor. Changes in the capacity of the exter¬ 

nal capacitor by virtue of its changing dielectric value with increments 

of moisture are compensated for by retuning the resonance tuning capac¬ 

itor, The amount of capacity change in the main tuning capacitor is then 

a measure of the moisture effect in the external capacitor. This is the 

same principle used by Fletcher (15) later in 1939 and is also the prin¬ 

ciple which is used in these present studies. Balls (4) recognized the 

shortcoming of the self-excited oscillator and recommended that "definite 

fixation of frequency by a quartz crystal, capacity coupling, and prop¬ 

er screening are obvious improvements to be made". 

This first demonstration at Cairo was made on bales of cotton with 

the bale straps acting as capacitor plates. With such a relatively 

homogenous material as cotton it made little difference if the oscilla¬ 

tor frequency changed with a change in load caused by the power losses 

in the test circuit. However when heterogeneous materials are in the 

dielectric field variations occur which cannot be readily recognized 

if the frequency shifts. That a frequency shift is undesirable is ev¬ 

ident from the fact that capacity reactance varies with frequency ac¬ 

cording to the formula* 



-* xo — 

Xc = 1 

211 fC 

Xc = Capacitive reactance in ohms 

211 = 6.28 
f = Frequency in cycles per second 
C = Capacity in farads 

In his soil moisture determinations Balls used a buried soil cap¬ 

acitor which he describes as follows! "glass web tubing filled with 

mercury to any desired capacity—tube 1.5 mm width (capillary form) 

has a capacity of 1.5 mmf/cm in air—in water it increases to 6mmf/cm 

—The capacity indicated is predominantly that of a zone only amilli- 

meter or so in thickness around the tube—intimate contact with the 

soil is necessary—". The following notation is particularly import¬ 

ant, "Readings were but slightly affected by any variations of electro¬ 

lyte above the level of minimum conductivity likely to be found in 

soil." (4) 

Edlefsen (14) in 1933 presented a review of the results of dielect- 

fric method for measuring moisture present in materials. He noted a 

linear relation of capacity change with moisture content; that temper¬ 

ature had little if any effect; and that varying salt concentrations 

were disturbing influences. 

Gupta and Khraster (17), 1936, reporting on ground attenuation 

studies found "The effective values of the electrical conductivity and 

of the dielectric constant of soil at radio frequencies can be deter¬ 

mined by applying Sommerfield1s theory of ground attenuation to radio 

r 
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field strength data—-these agree with laboratory determinations” • 

They realized that attention must be directed to moisture content of 

the soil under examination and reported that "the dielectric value de¬ 

pends to a considerable extent on the frequency of alternating current”* 

In this statement the word "effect” is more accurate than the term 

”value”• The dielectric value is a constant for any one degree of mois¬ 

ture, or material, regardless of frequency; hovever, the capacitive re¬ 

actance varies inversely vith frequency. 

Gupta and Khraster (17) made studies of the electrical conduct¬ 

ivity and the dielectric constants of three specimens of Dacca soils 
• % ( 

(India), as determined by a resonance method, for varying values of 

soil moisture from 0-40% and through frequencies ranging from 0.135 

megacycles to 2.72 megacycles. They reported that both the conduct¬ 

ivity and dielectric values vere found to increase with moisture, each 

tending toward a constant value of moisture content. "Values of elec¬ 

trical constants of the soil obtained agreed in their order of magni¬ 

tude with the values deduced from attenuation measurements*" 

Fletcher (15), 1939, in a preliminary report of "A Dielectric 

Method for Determining Soil Moisture" described a piezzo-electric 

quartz crystal controlled oscillator operated at a frequency of 3*9 me. 

This report was apparently the first American effort of moisture meas¬ 

urement by the resonant-circuit dielectric principle. Fletcher was 

primarily interested in the measurement of variable soils "in situ” 

and resorted to the use of a soil capacitor having a gypsum matrix be¬ 

tween glass insulated plates to stabilize undefined variables. This 

type of capacitor is subject to the same time-lag conditions which are 
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presently experienced vith the gypsum block conductivity methods, Ander¬ 

son and Edlefsen (3) 1942 measured the moisture in gypsum blocks by the 

capacity as measured by the balanced bridge method. While this deter¬ 

mination system gives satisfactory measurements there appears to be no 

advantage in its use over the conductance method when applied to gypsum 

blocks. The probability is that conductivity measurements are more de¬ 

pendable than capacity measurements of blocks since the conductivity 

method is not as subject to the stray capacity effects of the test leads 

and associated equipment which are a problem in capacity determinations. 

Fletcher (15) noted this difference between soils: "Fine loam 

soils having 15^ water give a dial reading of 238° while sandy soil'll at 

15^ water gave a dial reading of 340°, Since the percent of water was 

expressed on an oven dry soil weight basis rather than on the volume 

percent basis, it appears that much of dial reading difference may be 

attributed to differences in specific gravity and tilth condition. 

Since Fletcher used a straight line frequency capacitor, which has a 

non-linear capacity change per dial degree, it is not evident what the 

effective difference in capacity change actually was, although it is 

somewhat less than that indicated by the difference in resonance tun¬ 

ing as measured by dial degree change. 

Anderson (2) in 1943 reported capacity measurements of gypsum 

soil blocks; he noted, "As moisture content decreases capacitance de¬ 

creases and continues to near wilting percentage where the capacity 

suddenly stops decreasing and approaches a fixed value." He further 

observed the uniformity of response in soils of varying textures and 

recommended that blocks be placed among plant roots in order to main¬ 

tain a steep moisture gradient. 

r 
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Wallihan (30) 1946 in similar dielectric studies used lov radio 

frequencies in steps of 1, 10, and 100 kilocycles; he noted that less 

polarization occurs at high frequencies, A different form of soil 

capacitor was used in his studies to reduce hysteresis effects, but 

gypsum vas still used as the dielectric moisture carrying medium, and 

hysteresis conditions prevailed. 
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EXPERIMENTAL PROCEDURES 

Part A, Moisture Meter Design. Associated Apparatus And Standardiza¬ 

tion Techniques. 

Circuit Requirements. 

Deductions made from pertinent observations in the reviev of lit¬ 

erature indicate that for the use of the resonance method of capacity 

measurement the required instrumentation must haves a) frequency sta¬ 

bility under all load conditions; b) adequate power excitation to over¬ 

come leakage losses in the soil dielectric; c) high Q circuit charact¬ 

eristics to minimize circuit power losses, and to increase resonance 

tuning sensitivity; d) a stable adjustable coupling system for radio 

frequency power transfer to the resonance measuring circuit; e) free¬ 

dom from stray capacity effects; f) a straight-line capacity reson¬ 

ance capacitor for linear tuning; g) adequate soil capacitor plate 

insulation to prevent capacity loss by break-down. 

Figure 1, is the schematic circuit of the moisture meter as de¬ 

signed by the author and consists essentially of a frequency genera¬ 

tor, radio frequency power amplifier and a coupled resonant moisture 

measuring circuit. 

The frequency generator is a Pierce oscillator having quartz 

crystal control on a frequency of 1 megacycle. This oscillator is 
r 

capacity coupled to the class "C” power amplifier which employs a 

type 6L6 beam-power tube having a low grid excitation requirement 

thereby enhancing the stability of the oscillator circuit. 
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The coupling system between the power amplifier plate tank 

circuit and the one or more resonance measuring circuits is unique 

and consists of 12 turns of #20 nyclad enamel wire on one inch form 

tapped at each turn for adjustment to the desired degree of coupling. 

This is a form of mutual coupling whereby the coupling coil is com¬ 

mon to both tank and resonance measuring circuits. It is mounted be¬ 

low the chassis which shields it from the fields of the inductances 

of both circuits. Coupling to the remote resonance measuring unit is 

by a coaxial line. The power amplifier plate voltage is "shunt-fed" 

which isolates the high D, C. voltage of the plate tank circuit and 

permits the use of the type of coupling used here. The degree of coup¬ 

ling used in all determinations was the same and is characterized as 

"loose". This condition favors circuit stability and sharpness of the 

tuning of the resonance measuring circuit. The degree of coupling 

used in these studies was maintained at one level which limited the 

maximum plate current load to 60 milliamperes. 

The power supply of this laboratory model is somewhat over-de¬ 

signed; it has a plate current rating of 200 milliamps while the fil¬ 

ter system has a negligible voltage ripple. This design assured an 

unvarying voltage under large current changes. Other circuit compon¬ 

ents, capacitors, resistors, choke coils, etc. have higher tolerance 

rating values than are necessary. 

A plate current meter is used as the resonance indicating device. 

Resonance of the amplifier circuit is noted by tuning the amplifier 

tank capacitor to minimum, dip, plate current and resonance of the 

coupled moisture measuring circuit is indicated by a maximum, or peak, 

plate current value. When the coupling is sufficiently "loose" no 

readjustment is necessary when making measurements. 
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Choice of operating frequency* Powell (24) of the National Bu¬ 

reau of Standards suggested the use of 1 megacycle. Characteristic 

reactances at various frequencies were considered and preliminary 

experiments were conducted. These experiments were made over a range 

of harmonically related frequencies from 3.6 me to 28.8 me. With 

these decreases in reactances, the resonant measuring circuit capac¬ 

ities remained the same while frequency increased, circuit stability 

decreased and dielectric absorption losses rendered resonance indica- 
1 4 * 

tions increasingly less sensitive. 

It may be interpreted that a frequency lower than 1 me is indic¬ 

ated, however, the values of inductances and / or capacitances would 

have to be increased. Where high Q circuits are desirable, vis. a 

high ratio of impedance to circuit resistance, as in this study where¬ 

in leaky soil capacitors are to be encountered, a high inductance to 

capacity ratio is needed. The total minimum moisture determining cir¬ 

cuit capacitance was estimated to be approximately 100 mmf; calcula¬ 

tions were made using a value of 140 mmf. With this amount of capac¬ 

ity the amount of inductance necessary for resonance at lmc appeared 

to be adequate for a sufficiently “high Q“ circuit, (inductance 180 mh. 

at 140 mmf.). The sharpness of the tuning curves for both water dielec¬ 

tric and CaCl2 solutions at high concentration of Figure 6 indicates 

high Q conditions. 

Moisture measuring circuit capacitors: The moisture determining 

tuning unit is composed of the four capacitors; Cj, C2, C3, C4. The 

three variable capacitors; Ci, C2» C3, are the resonance tuning capac¬ 

itors while C4 is the soil sample-holder capacitor. These resonance 
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tuning capacitors function as followsi C3, 50 mmf, is set at zero on 

the calibrating dial; in this position the plates are nearly closed; 

this is described in more detail below. C^, 100 tatnf, is roughly tuned 

to resonance and finally C2, 10 mraf, is used as the fine tuning adjust¬ 

ment. It may be asked at this point why C3 is a 50 mmf variable capac¬ 

itor. This capacitor is set at near maximum andis opened to reduce its 

capacity by the equivalent amount of effective capacity which is added 

to the soil capacitor dielectric by the insertion of moist soils into 

its dielectric field. The soil capacitor, C^, has a capacity of 1 mmf 

in air; water has a dielectric value approximating 80, and the pres¬ 

ence of salts is expected to further increase the dielectric value. 

Because water and soil solutions have low break down voltages, it is 

necessary to insulate the capacitor plates from direct contact with 

moist soil* This is accomplished by using a pyrex glass test tube as 

the soil core container. This glass has a very low dielectric value 

which operates partially in series with the moist soil and reduces its 

effective dielectric value; therefore in the basic formula of — 

C = .224. K A (n-1). K is a lower mixed value than for water alone, 
d 

hence a smaller than 80 mraf capacitor can be used here which provides 

for better spread of the tuning dial. 

Figure 2 shows the linearity of C3 and Figures 3 and 7 confirm 

the theory of linear capacity change at uniform increments of moisture. 

The curve of Figure 2 shows perfect linearity except for a few degrees 

near the open plate and closed plate positions. is placed in the 

closed plate position, then opened just beyond the point where the 

curve becomes linear. The tuning dial is set at zero in this position. 
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gure 2 -Linearity of the moisture determining resonant circuit 
calibration capacitor C3 - (air dielectric). 

Figure 3-Linearity of the resonant circuit capacity change in C^ 
with added increment* of distilled water as determined by C3. 
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When a soil sample tube is inserted into the soil capacitor, C4, res¬ 

onance is upset. Resonance is reestablished by retuning (the cal¬ 

ibrating dial). The equivalent amount of effective capacity which has 

been added to the circuit, in the form of the increased dielectric val¬ 

ue of the soil core is thereby removed and the amount of this capacity 

compensation is read directly as dial degrees change. Thus 1.84750 dial 

degrees equal 1 mmf of capacity in Cy The conversion of dial degrees 

change to the "changes in capacity" or to "changes in capacitive react¬ 

ance" at the frequency used may be useful in some instances but this 

provides no advantage to the interpretation of moisture readings when 

standard curves are used as references. 

Soil capacitor - The soil capacitor, Figure 4* is designed to 

firmly hold, by compression spring tension six inches of a standard 

pyrex test tube 200 millimeters long having a diameter of 25 millimeters. 

The curved capacitor plates were made from longitudinal sections of one 

inch inside diameter.copper pipe. The supporting members of this capac¬ 

itor are of polystyrene. This unit is vertically mounted and is housed 

in the right hand shielded compartment of the meter cabinet with the 

other components of the resonance-change measuring circuit. Access for 

the test tube to this capacitor is through a Ij- inch hole through the 

top of the cabinet. The electrical capacity of this unit in air is 1 mmf 

and the test tube, soil core volume, is 60 ml. 

Remote measurements; In order to make measurements, of other than 

core samples in test tubes, outside of the main meter unit, as for soils 

"in situ", in pots, etc., it is necessary to have a duplicate resonant 
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system completely independent of the main resonance unit. This is so 

because leads cannot be extended from the soil capacitor, C^, to any 

distance without serious stray capacity and radiation effects. 

The remote resonance unit is coupled by means of a co-axial cable 

which permits the resonant measuring circuit to be at the point of 

measurement. This circuit, as shown in the schematic diagram, Figure 1, 

is exactly the same as the main unit except for the soil capacitor, C^. 

In the case of this remote unit, becomes an insulated metalic probe, 

or clip lead, connected to the "hot" end of the circuit while the sec¬ 

ond capacitor lead is connected to the ground or "cold" shielded end of 

this circuit. 

Standardization of core sample test tubes? Unselected test tubes 

have a considerable amount of variability in dimensions; these test 

tubes are usually not of the exact described diameter nor are they per¬ 

fectly round. These dimensions affect the relative position of the 

self-seating soil capacitor plates which in turn affects the circuit 

capacity and resonant tuning, Vhen the test tubes are filled with 

air, differences in circuit capacity are hardly discernable, but when 

the high dielectric values of moist soils are added the differences 

become highly significant. Under conditions of maximum probable dielec¬ 

tric values, variations of resonance tuning as great as 10° were noted; 

from 76° - 86° on the micrometer tuning dial. 

A random selection of 48 test tubes was taken from a lot of 192 test 

tubes and identified by number. Sixty milliliters of mixed salt solu¬ 

tion having a concentration in excess of 1000 ppm were pipetted into 
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each tube. The tubes vere then placed in the soil capacitor, with the 

test tube label forward, ana the dial readings vere recorded. This 

procedure was replicated three times and the results were submitted to 

a statistical analysis of variance. The pertinent data of this analy¬ 

sis are displayed in Table 1. 

Table 1. Significant values of test tube standardization data. 

x ® 80.986° 

SED = .9647° 

LSD .05 = 1.91° 

.01 = 2.54° 

On the basis of this information all test tubes vere similarly 

measured in two positions; with the test tube label forward and with 

the label rotated 90°. Those test tubes which had a reading greater 

than 2° between the two position readings vere discarded. Of the re¬ 

maining test tubes those tubes which showed readings within 1 1° of 

the mean value, label forward, were retained for experimental use. 

Techniques of soil core sampling: The taking of accurate field 

samples which are representative of field conditions has always been 

a problem in sampling for soil fertility, and for other purposes. 

The same problems are present when sampling for soil moisture content 

and the accepted practices of field randomization hold true. However, 
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positive agreement, therefore it is necessary to have a third sample to 

confirm the correct value. Measurement of the three samples from each 

location throughout the four soil types constitute the replication val¬ 

ues in the analysis of variance. Hence it is this replication factor 

that is the measure of the accuracy of soil cores. To test the accur¬ 

acy of these core samples a total of four evaluations were made: gross 

wet weight, gross dry weight, percent water by volume, and soil moist¬ 

ure meter dial readings. First the dial readings vere determined; next 

the gross wet weights, test tube plus moist soil core, were determined. 

These samples were then oven dried for two days at 110°c and finally 

the percent water by volume was calculated. The drying time of two days 

may appear excessive but this was necessary to arrive at constant weight 

values for the soil cores of the heavier soils when dried in their re¬ 

spective test tubes. 

Those measurements which are indictive of the accuracy of the de¬ 

scribed techniques of core sampling for moisture content are the repli¬ 

cation means as shown here in Table 2. Not only are there no statis¬ 

tically significant differences among the respective means of Table 2, 

but also the corresponding "FM values of the Analysis of Variance are 

well below those required to demonstrate differences. 

Based on these findings this method of core soil sampling was con¬ 

sidered valid. The mean dial value of three out of four core samples 

is therefore an accurate measurement of the net dielectric value of a soil. 
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Table 2. Mean values of thirteen soil core measurements of four 
diverse soil types for four factors. 

Sample 
Replication 

A. 
Wet Weight 

grams 

/ 

B. 
Dry Weight 

grams 

c. 

Water 
percent 

D. 
Meter 

degrees 

1. 121.31 102.77 30.61 38.50 

2. 121.65 103.39 30.08 37.70 

3* 121.39 103.00 30.57 39.45 

NSD NSD NSD NSD 

Percent of moisture on 

i « $. r 

a volume basis: Reference was made in the 

review of literature, Part A, of the determination of moisture on a 

soil volume basis. Although the method does not permit free transla¬ 

tion to or from such classical ideas as field capacity, moisture equiv¬ 

alent, wilt point, or other expressions which are based on the percent¬ 

age of moisture on a dry soil basis, there are several advantages in 

the "percent by volume" method of reporting soil moisture. 

The specific gravity of different soils varies with soil type from 

almost 2.0 for very sandy soils to less than 1.0 for high organic soils, 

hence an equal amount of water present in equal volumes of sandy soil 

and high organic matter soils would show about one half of the moist¬ 

ure on a percent of dry soil weight basis for the sand as compared with 

the high organic soil. 
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Soil structure normally varies considerably throughout the year. 

During late Winter and early Spring the structure is poorest because 

of the deterioration of soil aggregates. The soil, being more dis¬ 

persed and compact, has a greater capillary water holding capacity. 

In the Spring this condition begins to change. By bacterial activ¬ 

ity and other life processes, along with certain cultural practices, 

soil aggregates increase producing greater porosity and better 

tilth; by early Fall this condition is usually at a maximum. Other 

considerations of the several forms of soil compaction are also in¬ 

volved and indicate the desirability of expressing moisture as "per¬ 

cent of volume", 
J 5 * ; ' : < ; 

For irrigation purposes it is more realistic to know the amount 

of water present in a unit volume of soil rather than to know the 

percent of water on a dry soil basis. 

Moisture determinations on a volume percent basis are especial¬ 

ly applicable to the dielectric method since by definition the di¬ 

electric of a capacitor is a function of the volume of material 

between the capacitor plates provided that the distance between the 

plates remains constant. For these reasons all moisture determina¬ 

tions herein reported are on a percentage of volume basis. 
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Part B. The Effects of Salts On The Dielectric Value Of Aqueous 

Solutions. 

The reports that the dielectric value of soils is affected by the 

presence of salts in varying concentrations (2)(15)(21)(30) were con¬ 

firmed in preliminary experiments. The results indicated the advisa¬ 

bility of making determinations of these effects under conditions of 

minimum extraneous influences prior to the actual studies of moisture 

in soils; therefore the effects of salts in water solutions were ob¬ 

served. 

An initial set of various salt solutions were used to check out 

the use of a range of frequencies from 3,6mc to 28.8 me by frequency 

doubling techniques. Here it was observed that above 7,2 me circuit 

stability was more critical as the circuit reactance decreased with 

increased frequency. 

Having selected 1 me as an appropriate operating frequency a 

second series of salts solutions was observed in which the concentra¬ 

tions of solution salts were adjusted by measurements with an RD-15 

solubridge. The data from this series indicated a considerable 

amount of variability in the range of salt concentration below 50 ppm 

(see Figure 5)* Subsequently a third series of salts solutions were 

formulated on a molecular weight basis of 1000 ppm stock solutions; 

the lower concentrations were obtained by volumetric dilutions. 
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The influence of single salts at several concentration on the 

dielectric value of vater: Stock solutions of 1000 ppm each vere made 

for nine separate salts and for one mixed salt solution* These ten 

solutions were diluted by halving the concentration successively to a 

minimum of 7.81 ppm. Soil sample test tubes were filled to 60 ml, which 

is 100 percent of the volume of C^, by pipette. Meter readings were 

then taken for ten salts at nine concentrations. These data vere sub¬ 

mitted to an analysis of variance of which the summary data appear in 

Tables 3 and 4. 

Table 3 shows that among the kinds of salts the capacity increases 

are related to the respective degrees of ionisation. H^BO^, having a 

primary ionization of .0001 at 1M, was tested separately and showed a 

dial reading of 57.3° i 1.1° throughout all concentrations while those 

more highly ionizable salts such as K Cl at .86 ionization, for N/l0, 

cause maximum increases in the dielectric values of these solutions. 

The data of Table 4 represent the means of all salts in the res¬ 

pective concentrations. These values are graphed in Figure 5 and in¬ 

dicate a rapid rise in dielectric value up to approximately 125 ppm of 

salti above this concentration there is virtually no further increase 

in capacity. 
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Table 3. Mean meter reading, in dial degrees, of nine concentrations 
of several salts in water solutions. 

Salt Meter Reading 
Compounds Dial Degrees 

Ca CI2 74.21 
Mixed 73.81 
Mg S04 73.60 
K Cl 73.53 
Na NO3 72.65 
Mn CI2 72.00 
Ca(N03)2 72.00 

Nap Mo 0/ 71.75 
K N03 71.75 
K Ho P0/ 69.67 
(Water 56.70)* 
(h3 bo4 57.30)* 

L. S. D. .05 .99 
.01 1.32 

# Tested separately, not included in the statistical analysis. 

Table 4. Mean dial degree change of ten 
concentrations. 

salts at nine solution 

Farts per Meter Reading 
Million Dial Degrees 

0.0 56.70 
7*8 59.40 

15.6 62.45 
31.3 • • ‘ * * 1 67.96 
62,5 ' 1 * . 74.90 

125.0 78,0? 
250.0 79.19 
500.0 79.22 

1000.0 78.85 

I«. S. D. .05 
.01 

1.10 
1.47 
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The influence of a mixed salt solution by increments of solu¬ 

tion volume and solution concentration on the dielectric values and 

conductivity, leakage, of the soil capacitor C^j From the results of 

the preceding single salt tests it is evident that the greatest diel¬ 

ectric changes derive from the more highly ionized salts. Since the 

salts in soil solutions are more commonly a mixture another series of 

determinations was made using a mixed salt solution. 

While making the observation of the change of the dielectric val¬ 

ue of water under the influence of single salts as indicated by the 

capacity change in the moisture meter resonant circuit, it was noted 

that the peak plate currents at resonance varied widely with the salt 

concentrations* At high salt concentrations the peak plate current 

at resonance was high and its resonance tuning curve was very sharp, 

while at low salt concentrations the peak plate current values at 

resonance were low and the tuning curve was broad. From these two 

observations this experiment evolved and two kinds of measurements 

were procured* 1. Change in capacity. 2. Plate current peak val¬ 

ues which are related to capacity leakage. Change in capacity meas¬ 

urement by dial degree change has been described; however, the meas¬ 

urement of leakage is essentially that of measuring the change of the 

resonant circuit Q value. 

Q, is the quality factor of a circuit which determines its char¬ 

acteristic tuning response; its value is affected by the effective 

circuit resistance as expressed by: § = 25 • When the impedance, Z, 
R 

is high resistance, R, is low the Q is high. As the resistance 

within the series resonant circuit increases the Q value drops; this 
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this results in a broader tuning curve at lower peak plate current 
/ 

values. Figure 6 illustrates this condition and the following discuss¬ 

ion explains the action in this circuit. 

The presence of a conducting solution, ionized salts, in the di¬ 

electric of the moisture determining resonant circuit decreases its 

effective resistance and causes high circulating currents and power 

absorption which create an increased power load on the amplifier cir¬ 

cuit, This impedance is reflected back to the amplifier plate circuit 

and acts as a pure resistance in series with this circuit which re¬ 

sults in a decreased value of plate current as indicated on the plate 

current meter. Variable salt concentrations and moisture levels 

cause plate current (ip) variations. This action of the plate current 

can be used to estimate the presence and concentration of salts in 

solutions. 

Materials and methods! One mixed salt, Hoaglund nutrient solu¬ 

tion (18), at concentrations ofi 6.25, 12,5, 25, 125, 500, and 1000 ppm, 

as determined volumetrieslly, was used. 

These concentrations were added, by pipette, in increments of 6 ml, 

corresponding to ten percent by volume of the soil capacitor, to the 

test tube placed in the soil capacitor, up to 100$ of its capacity, 60 ml. 

Two kinds of determinations were made at each solution concentra¬ 

tion and volume increments change in resonant circuit capacity, as meas¬ 

ured by the dial degree change of C3, and peak plate current values at 

resonance. This process was repeated four times and the mean values 

were determined. 
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F'igure 6. Rogon&nco tuning response curve of C3 &a influenced by the 
presence of salt levels in the dielectric field of C^. 
K values., obtained from RD-15 solubridg®, equal 10~* rjhoa. 

r 



- 35 - 

Results and discussion* The data of the first determination, 

dial degree change, are presented as Table 5 and Figures 7 and 8. In 

Figure 7 these data show that the linearity of capacity change per vol¬ 

ume increment as reported in Tables 2 and 3, maintains for these salt 

solutions. At 100 percent volume the dial reading is 56.95© for water 

and 78,90° for salts at 1000 ppm. This increase of 22 degrees repre¬ 

sents a capacity change of 12 mmf, 22° , and is due to the 
1.8745° /mmf 

increase dielectric value of the salts; the capacity increase between 

125 ppm and 1000 ppm is only 1.4 mmf at 100 percent of volume. 

The data of Table 5 as graphed in Figure 8 show the rapid change 

in dielectric value at all volume levels up to 125 ppm and practically 

no change above this concentration. 

The second set of determinations, peak plate current values at res¬ 

onance, as related to salt concentrations and percent of volume are dis¬ 

played as Table 6 and Figure 9. These data show, on the 100 percent 

volume curve, that these resonant peak plate current values drop pre¬ 

cipitously by 26 ma, from 45ma to 19 ma, with an increase from zero to 

50 ppm of mixed salts and then increases curvilinearily to 40 ma at 

1000 ppm; this is characteristic at all volume percentages as shown in 

Figure 9. 

Such a drop in amplifier peak plate current corresponds to the 

introduction of a pure resistance value of 9615 ohms in series with 

the amplifier plate circuit. This is the effect of the reflected imped¬ 

ance from the resonance moisture measuring circuit caused by its load¬ 

ing effect which is produced by the leakage or low resistance equivalent 



across the resonant circuit due to the dissociation of salts in dilute 

solutions. As the concentration of salts increases by either decreased 

moisture or salts the degree of ionization is reduced and a higher re¬ 

sistance is present in the resonant measuring circuit. This causes a 

lesser load which produces a lesser reflected impedance to the ampli¬ 

fier plate circuit; hence the peak plate current value increases as salt 

concentration increa se s• 
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rigure 7, Mean dial degree changes of 4 replicated measurements of a 
mixed salts solution by increments of 10^ by volume of 

at 9 solution concentrations. 
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Figure 8, Mean dial degree change* a* affected by amounts and concen¬ 
trations of a ni*ed salts solution by added increments of 10% 

by volume of C 
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Figure 9, Peaic plate current (ip) values as affected by amounts and 
concentrations of a mixed salts solution* 
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Part C. The Influence Of Soil Type And Certain Soil Treatments On 

Moisture Meter Readings« 

Based on the preceding observations of the effects of salt solu¬ 

tions on the dielectric values of water and the assumptions that soil 

solutions should behave in a similar manner with the probability of 

additional complexities introduced by the factors of different soil 

compositions this phase of study is directed to observations of the di¬ 

electric variations in moist soils* 

Preliminary studies involving a high organic greenhouse soil and a 

sandy subsoil had produced different kinds of moisture response graphs. 

The greenhouse soil maintained a straight line curve to a point slight¬ 

ly above its field capacity while the moisture drying curve of the sandy 

subsoil was sharply curvilinear and also leveled off at its field capac¬ 

ity. 

It is evident here that several conditions may be direct or assoc¬ 

iated causes of dielectric variations, consequently the following organ¬ 

ised study was pursued. 

Materials and Methods. 

Three native agricultural soils, ranging in type from so-called 

"light” to "very heavy**, and one Iowa prarie soil were used in the 

phase of the studies} these weret 

Merrlmac fine sandy loams This soil is designated as of glacial out- 

wash origin by the IB DA Soil Survey (28), however by virtue of its very 

fine texture and high silt content it fits the pattern typical of the 

windblown soils of glacial origin of the Connecticut valley region as 
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described by Colby et al (11)• 

Scarboro silt loams Although this soil is of sedimentary glacial 

lake origin, and consequently of a "heavy” nature, this particular loam 

has been modified by good agricultural practices for vegetable product¬ 

ion and is now a medium heavy loam of excellent tilth* 

Suf field silt loam, heavy phase: Also of glacial lake sedimentary 
1 ' *' I • '. : 1 i > »,..•* . • ; f f > | , 

origin, this soil is located in low-lying meadow land and is under for¬ 

age and pasture production. It is characterized by a high percent of 

clay and very fine sand. 

Marshall silt loam: This prairie soil is of loess origin5 has a 

dark chocolate color and on a basis of mechanical analysis corresponds 

to the Suffield silt loagi, however its dielectric responses are consid¬ 

erably different. 

Table 7 presents some physical and chemical characteristics of 

the four experimental soils which were determined by the following 

methods* Mechanical analysis of the mineral fraction by the hydrometer 

method of Bouyoucos (5). Organic matter determination by K^CrgOy titra- 
<r 

tion, Peech (22). Wilt point determination by the classical method of 

Briggs and Shantz (10). Moisture equivalent, considered here as field 

capacity, by the method of Briggs and MeLane (9). Exchange capacity 

by the method described by Piper (23) and pH determinations by the 

Beckman glass electrode pH meter having a soil to water ratio of lsl. 

Peech (22). 



Table 7. Some physical and chealcal properties of the four experimental 
soils. 

Soil Factor. 1'erri mac Sgarljorg Nuffield "arehall 
Fine Sandy Loan Silt Loam Silt Loam Silt Loam 

(heavy phase) 

Mechanical Analysis 
of Mineral Fraction* 

Percent of 

Sand 33.60 34.00 25.63 24.20 
Silt 62.10 53.90 - 52.39 52.20 
Clay 4.30 12.10 22.18 23.30 

Organic Matter 1.50 5.00 4.60 
> 

2.50 

Exchange Capacity 
Meq/100 grass 7.71 16.27 13.06 18.98 

Hilt Point* Percent 
Water by Dry Ut. 3.99 6.70 9.17 9.02 

Moisture Equivalent* 
Percent Water by Dry Vt. 17.06 25.13 30.21 24.78 

pH of Treated Soils. 

Normal (untreated) 4.8 5.6 6.0 6.7 
Hydrogen 3.7 3.8 4.1 3.9 
Calcium 6.5 6.1 6.6 6.0 
Mixed Salts 5.5 6.0 6.4 7.4 

Doll treatments: For the purpose of observing variations vithin 

individual soils as veil as anon§ the four soil types each soil type vas 

modified by four methods of treatment hereafter designated act Natural, 

Hydrogen, Calcium and Mixed salt soils. 
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Natural Soils refers to the soils in their original state as pro¬ 

cured from the field having no further treatment* 

The Hydrogen Soils were prepared by the method of Gedroiz (16) 

wherein the adsorbed cations are replaced by hydrogen ions. This method 

involves the soaking of the soil in .05 N HC1 with subsequent HC1 leach¬ 

ing and final washing with distilled water until the leacheate is chlo¬ 

ride free. 

The Calcium Soils were derived from sub samples of hydrogen soils 

by successive partial cation replacement: H - NH^ - K - Ca. These are 

so designated from the final calcium treatment. 250 grams each of the 

four soil types in the hydrogen condition were placed in Buchner funnels 

and leached with 500 ml of 1 molar solutions of NH^Ac, KC1 and CaC^. 

Following the CaCl2 treatment the soils were leached with distilled water 

until chloride free. This was not an attempt at calcium saturation as 

indicated by the pH values, but rather to note the variability of the 

soil types in respect to cation adsorption. 

The Mixed Salt Soils were obtained by soaking the original untreat¬ 

ed soils in a Hoaglund (IS) nutrient solution at a concentration of 

1000 ppm for a 16 hour period. These soils were then washed to the chlo¬ 

ride free condition and air dried. 

Moisture Determination: Air dried soil samples of 60 to 70 grams each 

of the four treated soils from each of the four soil types, replicated 

four times, were added to the standardized test tubes. Twenty-five mil¬ 

liliters of water, in excess of*field capacity, was then added to each 

sample and allowed to equilibrate for twenty-four hours. The samples 

were weighed and transferred to the meter from which the dial and plate 
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current peak values of the moisture meter at resonance were recorded. The 

samples were then dried at low temperature, 50°C, for 24 hours in an oven 

having forced air circulation and allowed to equilibrate at room temp¬ 

erature for six or more hours before the next set of readings was made. 

This process was continued to constant sample weight. The samples were 

then oven dried according to the usual procedure and final oven-dry weights 

were obtained} these were subtracted from the gross weights at all dry¬ 

ing intervals. The differences were expressed as milliliters of water 

lost and calculated as the percent moisture by volume of the 60 millili¬ 

ters soil capacitor for each interval. 

The data of Table 8 are those of the percent of moisture by volume 

as related to dielectric values which are determined by the capacity 

change in as measured by and expressed in terras of dial degree change 

of C3. These data are the mean values of four replications of each of 

the four soil treatments for each soil type. Obviously these sixty-four 

test samples did not dry at intervals corresponding to the uniform dial 

degree increments as shown in Table 8, accordingly the following tech¬ 

nique was used to arrive at these values. A moisture curve for each 

sample was graphed. The percent moisture values corresponding to the 

dial degree increments were then obtained from these graphs and tabula¬ 

ted by replications from which the mean values of the four replications 

were calculated and used to establish the final "mean of four replication” 

moisture graphs. 
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Results and Discussion. 

The results as summarized in Table 8 show a vide range of dielec¬ 

tric variation as noted by the percentages of moisture as related to 

the corresponding meter readings* These relationships are shown more 

clearly in the graphs of Figures 11 through 18. The first four of 
/ 

these graphs, Figures 11, 12, 13 and 14, compare the four soil types 

in respect to their responses to the four soil treatments: Natural, 

Hydrogen, Calcium and Mixed salts, while the last four graphs. Figures 

15, 16, 17 and 18, compare the effects of the four soil treatments with¬ 

in the individual soils in the order ofi Merrimac, Suffield, Scarboro 

and Marshall. 

The moisture curves in Figure 11 for the four soil types in their 

natural condition, as procured from the field, show an approximate 

range of dielectric values from 42 dial degrees at 25$ moisture for the 

Merrimac soil to 70 dial degrees at 25$ moisture for the Marshall soil. 

This condition appears to be related to the relative exchange capaci¬ 

ties of these soils and the respective amounts of adsorbed cations as 

roughly indicated by the pH values. It is readily apparent here that 

factors other than moisture content have a large effect and that this 

effect is more pronounced at the higher moisture levels. 

After these four soils had been converted to the Hydrogen condi¬ 

tion, the moisture curves, as shown in Figure 12, are much closer to¬ 

gether and in a considerably lower dielectric range. Here the dial 

range among the three local soils, Merrimac, Scarboro and Suffield is 

about four degrees at 20$ of moisture, while the western prarie, Mar¬ 

shall, soil is by itself at a higher dielectric level. 
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Figure 11. Moisture curvee for 4 soil types under untreated 
Natural conditions. 
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Figure 

Ibrc. 

12. Moietur® curve® cf 4 soil types after .05 N 1C1 
treatment - Hydrogen ®oile. 
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Rxc. 
pH cap. 

Calcic treatment in & rapid succession of cation 
replacements. 

12.96 

7.71 

13.06 
16.27 
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Figure 14* Moiwtur* curra* of 4 i.oil typoa after a KdseJ salt* 
traat&snt applied to the eoile in the natural condition. 
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The regrouping of the data of Table 8 by soil types, Figures 15, 

16, 17, 18, reveals a most interesting relationship wherein the four 
I 

soil treatments, form families of curves which occupies the same rel¬ 

ative position in the dielectric range that was observed for these 

four soil types under Natural conditions as shown in Figure 11, That 

these relative positions are arranged in the order of low to high di¬ 

electric effects (dial degrees) and parallels the exchange capacities 

of the respective soils: Merrimac, 7.71; Suffield, 13.06; Scarboro, 

16.27; and Marshall, 18.98, appears to be significant. The possibil¬ 

ity is therefore suggested that dielectric measurements might be used 

to determine exchange capacity of moist soils. Although this concept 

is outside of the immediate objectives of this study, experiments are 

being continued along this line. From these continuing studies, not 

otherwise included here, has come an observation which may help in the 

interpretation of the response of the local soils to the Calcium treat¬ 

ment, When soils are treated in their partially saturated condition it 

is extremely difficult to arrive at nearly complete calcium satura¬ 

tion (pH 6.8), However if these same soils are first stripped of all 

cations by HC1, washed and then CaAc treated, they then become readi¬ 

ly saturated (pH 8.2) and the moisture curves are in the higher di¬ 

electric range. This observation may also account in some measure for 

the so-called Mbuffering” action of those high-level clay soils which 

have high lime requirements. This buffering action has been explained 

as that of successive H* ion release but it may well be that mixed 

cation ”oscillatory” competition is involved. 
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Figure 15. Moisture curves of Marriraac Fine S&ndy Loam 
under 4 treat&ent cone it ions. 
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Figure 16. Moisture curve* of Suffield Silt Loan (heavy 
phase) under 4 treatiaeat conditions. 
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pH 

5.6 

Moisture curves of Saarboro Silt Loam under 
4 treata^cV conditions. 

Figure 17. 



D
IA

L
 

D
E

G
R

E
E

S
 

- 61 - 
pH 

6.0 

6.7 

7.4 

3.9 

Figure 13. Moisture curves of Marshall Silt Lo&a under 4 

treatment conditions. 
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SUMMARY 

!• A moisture meter of the compensated capacity, resonance circuit, 

type was designed having stable frequency characteristics and sufficient 

radio frequency power capability to permit loose coupling between the 

radio frequency amplifier stage and the resonant measuring circuit. These 

characteristics, along with the use of a straight-line capacity calibra¬ 

ted capacitor assured accurate linearity of the meter under the variable 

load conditions encountered when moist soil cores, having variable power 

absorptions, are placed directly in the dielectric field. The effects 

of salts, singly and in mixtures, at varying concentrations having vari¬ 

able leakage qualities have revealed the inherent linearity of the meter: 

this is extremely important in order to evaluate other variations from 

external sources, 

2. The effects of various salts in water solutions were: 

a. Increases in the dielectric value of water were related to 

the degrees of ionization of the several salts. Salts of very low ioni¬ 

zation rates produced negligible increases in the dielectric constant of 

the water solution while salts which had high ionization constants pro¬ 

duced large increases in the dielectric constant of the water solution. 

b. Monovalent and divalent salts at the same concentrations 

produced the same effects on the dielectric constant of water provided 

that they had similar ionization constants. 

c. The dielectric constant of water solutions increased with 

added concentrations of ionizable salts up to approximately 125 parts 

per million; above this concentration further dielectric increases 

were negligible. 
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