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ABSTRACT 

The theory of operation of microwave coaxial resonators is described. 
Sample preparation and the application of resonator techniques to the 
measurement of the permittivity (dielectric constant) of bentonite is 
discussed. The results indicate a fairly linear change in resonant frequency 
for saturation levels at 10, 30, 50, 70, and 90%. The results clearly 
demonstrate that this microwave technique is a viable method for measuring 
water content of soils. A discussion of additional applications of microwave 
methods for determining water content in materials is presented. 

Introduction 

The purpose of the work described in this paper is to describe the use of a 
microwave coaxial resonator for the measurement of the water content of 
bentonite. Two types of measurements were made in the series of 
experimants on bentonite. The first involved the use of an open-ended 
coaxial resonator for near-surface measurements, while the second 
configuration utilized a similar microwave coaxial resonator whose open end 
was sealed with a lossless, low dielectric constant material. This resonator 
was then implanted within various bentonite cylinders, where it measured 
the water content in the interior of the samples. 

The paper provides a brief review of the theory underlying the operation of 
microwave coaxial resonators and how resonators are used to determine 
water content of materials. A description of the experiments performed is 
then included, along with a discussion of sample preparation, measurements 
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and results. Future work is then outlined, concluding the paper. 

Microwave Coaxial Resonator Theory and Operation 

A simplified diagram of the cross section of a coaxial resonator is shown in 
Figure 1. The electromagnetic (EM) wave launched by the coupling conductor 
and traveling to the right is [1] 

e - b{ exp(-jfx) + rsA.[exp(-jj»[x + 2i])+ (r sri.) 2exp(-jp[x + 4A])+ ...} (1) 

where 

b is the magnitude of the EM wave 

j is [-l]1/2 

8 is the propagation factor of the resonator, assumed to be 
equal to 2n/A., where "\ is the wavelength of the EM wave 

[s is the reflection coefficient at the input end of the resonator 

H. is the reflection coefficient at the open end of the resonator 

X >s the length of the resonator 

Rearranging terms in equation (1), the expression for the EM wave becomes 

e » b exp(-jfix){1 + Ts TL exp(-j2fl) + [( Is PL) exp(-j2fl)]2 + ( )3 + ...} ( 2) 

or 

e - b expf-j f x) (3) 
[1 - PSrLexp(-j2(Jl)] 

Assuming the resonator is short-circuited at the left and open-circuited at 
the right ( Hs — 1 : FL* +1). resonance will occur when the denominator is 
minimum, or 

J. - {(2n+1)7\ + arg(P t)}7W47i (4) 



The resonant frequency is given by the velocity of propagation of the EM 
wave divided by the resonant wavelength, or 

fr«{c[(2n+1)K +arg(r u )J}/47tJL (5) 

where, since the dielectric within the resonator is air, the velocity of 
propagation within the resonator is equal to the velocity of light, c, which is 
equal to 3 x 10^ meters/second. According to [2], arg Pt is a small negative 
value for a dielectric termination. Thus, the resonator length, X , is slightly 
less than an odd multiple of "XW4. In the design used here, the length was 
chosen to be slightly less than 5 "* ? /4 at 2.75 GHz, or about 5.5 inches. 

From the above discussion, it can be seen that the resonant frequency of the 
resonator is determined by itŝ  length and the real part (6') of the relative 
complex dielectric constant ( 6 ) of the material at the end of the resonator. 
Because the £' of water (nominally equal to 81) is much larger than that of 
the host material (bentonite, whose e"' is <10), small changes in the amount 
of water content result in significant variations in the overall dielectric 
constant of the dielectric-water combination. Since the microwave 
resonator is extremely sensitive to small changes in the dielectric constant 
of the material placed against its open end, it is able to measure small 
changes in the water content of dielectric materials such as bentonite. 

Sample Preparation 

In order to perform the desired measurements, it was necessary to calibrate 
the resonator, which required careful preparation of the sample. Sample 
mixtures of 50% silica sand and 50% bentonite were used to calibrate the 
microwave resonator output for variation in water content or saturation. 
The initial bulk mixture contained a measured water content of 17.2% and 
grain density of 2.75 Mg/m3. When these values are combined with the cited 
dry density of 1.65 Mg/m3, they provide a calculated saturation value of 
89.67%. A specific procedure was followed to obtain saturation levels of 10, 
30, 50, 70, and 90%. An amount of sample mixture was weighed to fill a 
cylindrical volume of 0.1 m diameter and 0.05 m height. This sample mixture 
was carefully spread out in a Pyrex tray and inserted into an oven. When 
sufficient water was removed to reduce the sample to the desired saturation 
level, the sample was removed and compacted in several stages into the 
prescribed volume described above. The sample was mixed carefully before 



compaction to increase the homogeneity of the water content. Data will be 
provided that confirm a high degree of homogeneity was obtained. 

Coaxial Resonator Calibration 

Because of the nonlinear nature of the resonant frequency response of the 
coaxial resonator to materials with varying dielectric constants placed 
across its open end, it is necessary to calibrate each resonator. The 
bentonite samples of known water content were placed against the open end 
of the resonator, and the resonant frequency of the device determined by 
using an automatic network analyzer. A diagram of the configuration used 
for both calibration and surface measurements is presented in Figure 2. The 
samples were then inverted, and the same information obtained for the 
resonator on the other end of the sample. This procedure resulted in a series 
of curves relating the resonant frequency of the coaxial resonator to the 
water content of the sample. This procedure was followed for 
concentrations of 10, 30, 50, 70, and 90% water content. Figures 3 and 4 
present plots of the resonant frequency of the coaxial resonator as a function 
of saturation for each end of each sample. 

As a further check on the homogeneity of the water in the bentonite samples, 
measurements were made at various locations on the surface of the sample. 
Typical results are shown in Figure 5, in which the measurement locations 
and results are summarized for one of the samples. This procedure was 
followed for all of the samples, with approximately the same results, which 
indicated the uniformity of the water content in each sample. 

Implantation Experiments and Preliminary Results 

A coaxial resonator was prepared for implantation in a bentonite sample so 
that the water content of the sample could be monitored over time. This 
would then allow us to perform in situ measurements of water content in 
bentonite. The procedure then can be extended to other materials as well. In 
order to implant a resonator and ensure that it would continue to provide 
reliable results over long periods of time, it was necessary to seal the open 
end of the resonator with a lossless, low dielectric material. This was 
accomplished using a thin ceramic seal and O-ring combination on the open 
end of the resonator, and an epoxy seal on the coaxial conductor-resonator 
interface. The device was tested by submerging the entire unit in water, 
which was then brought to a boil. The resonator responded as predicted (the 



dielectric constant of the water varies with temperature), and was judged 
suitable for implantation in the bentonite sample. 

Long-term tests of the survivability and accuracy of the in-situ resonator 
design remain to be conducted. However, preliminary results show that this 
is a viable method for the in-situ measurement of water content in soils and 
future expectations are that it will be able to function over extended periods 
of time. 

Conclusions and Future Work 

The results of the' work described in this paper show that 

1. A microwave coaxial resonator provides very accurate measurements 
of the near-surface water content of bentonite. 

2. The microwave resonator technique for in situ measurement of 
water content of dielectric materials is viable, and should find 
applications in the future. 

3. Microwave coaxial resonators can be implanted in bentonite and 
other soils and can provide accurate measurements of the water 
content in the vicinity of the resonator within the host medium. 
Further work is required to determine the survivability of our 
present design. 

Investigations are planned of other forms of microwave resonators, such as 
strip lines, which can be implanted in dielectric materials (such as soil) for 
monitoring water content, and, hence, water migration through various zones. 
Open-ended coaxial resonators have been used to measure the partial 
pressure of water vapor in air [3], and are also being applied to the problem 
of determining the complex dielectric constant of other rather exotic 
materials such as the aerosol gels under development at the Lawrence 
Livermore National Laboratory. Results of these experiments will be 
presented in the near future. 
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0 2.720625 43 

1 2.723625 40.5 

2 2.726250 39 

3 2.724000 40 

4 2.723250 41 BENTONITE SAMPLE POSITIONS 

Figure 5. Resonant Frequency of Coaxial Resonator and Percent 
Saturation at Various Positions on Bentonite Sample. 



Appendix A 

This report does not use any information from the Reference Information Base nor 
contain any candidate information for the Reference Information Base or the Site and 
Engineering Properties Data Base (SEPDB). 


