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SUMMARY 

The work described in this report represents the first phase of a planned 
three-phase project designed to develop a radar system for monitoring waste 
canister~. stored in a thick layer of bedded salt at the Waste Isolation Pilot 
Plant (WlPP) near Carlsbad, New Mexico. The canisters will be contained in 
holes drilled into the floor of the underground waste storage facility. It 
is expected that heat and pressure gradients in the surrounding salt will, 
over a pE:riod of years, slightly displace the canisters from their original 
locations. A monitoring procedure needed to determine the location and radar 
attitude (tilt angle) of each buried canister. It is hoped that these Measure
ments can be made to accuracies of ±5 em and ±2°, respectively. 

The initial phase of this project was primarily a feasibility study. 
Its principal objective was to evaluate the potential effectiveness of the 
radar method in the planned canister monitoring application. Its scope included 
an investigation of the characteristics of radar signals backscattered from 
waste canisters, a test of preliminary data analysis methods, an assessment 
of the e~fects of salt and bentonite (a proposed backfill material) on the 
propagation of the radar signals, and a review of current ground-penetrating 
radar technology. 

A laboratory experiment was performed in which radar signals were back
scattered from simulated waste canisters. The radar data were recorded by a 
digital data acquisition system and were subsequently analyzed by three 
differen: computer-based methods to extract estimates of canister location 
and t1lt. Each of these methods yielded results that were accurate within a 
few centimeters in canister location and within lo in canister tilt. Measure
ments we~e also made to determine the signal propagation velocities in salt 
and bentJnite (actually a bentonite/sand mixture) and to estimate the signal 
attenuation rate in the bentonite. Finally, a product survey and a literature 
search w~re made to identify available ground-penetrating radar systems and 
alternative antenna designs that may be particularly suitable for this unique 
application. 

The principal conclusions to be drawn from this initial work are as 
follows: 

1) The radar sensing method, together with a digital data analysis technique, 
is capable of measuring canister location and tilt to better than the 
desired level of accuracy in air and, presumably, in any other uniform 
dielectric medium. 

2) The in situ tests planned to be conducted under Phase 2 are needed to 
confirm the capability of the radar technique to provide the necessary 
monitoring capability in the actual containment media. 

3) The use of bentonite as a backfill material may cause difficulties, but 
these difficulties can probably be overcome by utilizing oblique radar 
viewing angles. The formation of brine in the salt surrounding a canister 
could constitute the most serious impediment to the use of the radar 
method, but it is not known whether significant brine-forming moisture 
concentrations will actually occur. 
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4) An operational radar monitoring system can be largely assembled from 
available radar and data acquisition components; however. it may be 
necessary to develop a specialized radar antenna by modifying an existing 
basic design. 
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1. 0 INTRODUCTION 

1. 1 BACKGROUND 

This study was conducted in support of the Waste Isolation Pilot Plant 
(WIPP) project now underway at a site near Carlsbad , New Mexico. Under this 
project, high- and low- level nuclear waste materials will be stored underground 
in a facility located in a thick layer of bedded salt. The work described in 
this report relates specifically to the storage of the high-level radioactive 
waste materials . These materials will be encapsulated in specially designed 

·metal canisters which will be emplaced in cylindrical holes drilled in the 
floor of the mined salt facility . 

The locations and orientations of the waste storage canisters will be 
prec i sely determined and recorded during the emplacement process in order to 
ensure that the canisters can be adequately monitored and that they can be 
removed from their holes if necessary. It is expected, however, that the 
combined effects of high pressure gradients and high temperatures in the waste 
storage areas will result in significant rates of flow or creep in the volume 
of salt immediately surrounding the storage facility . 

Over a period of years , this phenomenon will produce a substantial amount 
of room closure and will make it difficult to maintain the reference points 
needed :o precisely locate the buried waste canisters. Furthermore, it may be 
impossible to accurately predict the displacement (translation and rotation) 
that a given canister may undergo in this environment. An inability to 
routine ly obtain this information would be unacceptable for at least two 
reasons: 1) it would involve the risk of damaging canisters during possible 
reaming-out operations in the storage rooms and 2) it would require an increased 
amount of radiation shielding for operator safety during canister retrieval 
operations . A sensing device capable of measuring the position and orientation 
(tilt) of each buried waste canister is needed to eliminate or at least minimize 
these potential problems . 

1. 2 PROJECT OBJECTIVES 

As shown in Figure 1. 1, the canisters are expected to be of two types : 
1) a titanium-walled canister containing nuclear fission products , and 2) a 
larger carbon steel overpack canister containing a stainless steel inner 
canister. The sensing system to be developed should be capable of locating 
these canisters in vertical boreholes spaced 2.1 m apart in a drift that is 
approximately 5. 5 m wide x 5.5 m high . In terms of measurement accuracy, the 
sensing system should be capable of locating the top of a canister lifting 
pintle to within ±5 em and of determining the canister tilt and azimuth angles 
to with1n ±2° . 

The operational characteristics of the system should be such that it 
will not require excessive setup time , continuous hands-on attention by an 
operator, or physical penetration of the salt . Finally, it should include a 
data acquisition system that will operate largely in an automated mode and 
produce digital data sets suitable for immediate computer processing and 
analysis. 



3 .37 m 

3.0 m 

Canister 

FIGURE 1. 1. The expected designs of the WIPP waste canister 
and overpack canister. 

This project is focused specifically on a radar technique to accomplish 
these goals . The use of radar to detect and characterize targets contained 
in a material medium is a relatively new, but effective, sensing method. 
Systems have been developed for a wide variety of ground-penetrating appli
cations such as mapping underground pipes and utility lines, detecting and 
mapping shallow deposits of buried chemical and nuclear waste materials , and 
measuring ice thickness. In terms of their basic operating principles, these 
systems are similar to the more familiar radar systems used for tasks such as 
military target detection, marine and aircraft navigation, and aircraft traffic 
control . The most distinctive design characteristic of the ground-penetrating 
radar (GPR) systems is their ability to detect targets at extremely short 
ranges--typically a f ew centimeters to a few tens of meters . 

A GPR system appears to offer several attributes that are significant in 
this particular application : 

• It offers relatively high spatial resolution in comparison to other 
potentially applicable sensing techniques such as electromagnetic 
induction (metal detectors), magnetic, and acoustic methods. 
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• It is expected to be able to perform its function without the aid 
of any auxiliary components (signal sources, reflectors, etc.) that 
would have to be attached to the canisters. 

• Its compact physical configuration is well suited to fast, efficient 
operation in a relatively confined area. 

• Its output can be displayed in an easily understood pictorial form. 
It can also be computer processed to maximize the amount of 
extractable target information. 

• Its performance in characterizing an individual canister will not be 
degraded or complicated by the proximity of other canisters. 

A three-phase R&D project has been defined to pursue the goal of developing 
an optimum GPR system for monitoring the locations and orientations of the 
high-level waste canisters. The phases are briefly described as follows: 

Phase 1 - Perform a feasibility and seeping study to assess the probable 
effectiveness of the radar method. 

Phase 2 - Perform on-site tests using a preliminary radar system 
configuration to assess actual radar performance in the WIPP environment. 

Phase 3 - Design, construct, and demonstrate a complete, operational, 
radar system for canister monitoring at the t~IPP site. 

The phasing of this project plan provides two break points at which it will 
be possible to evaluate the results of the preceding phase(s) in terms of the 
probability of success in meeting the final project goals. This report 
represents the completion of work under Phase 1. 

1.3 fHASE 1 OBJECTIVES 

This initial work had two main objectives. The first was to make a pre
liminary assessment of the feasibility of using the radar method to measure 
the location and orientation of waste canisters in salt. Addressing this 
objective involved the study of three major topics: 

1) the characteristics of radar signals backscattered from waste 
canisters, 

2) methods of processing the backscattered radar signals to extract 
canister position information, and 

3) the effects of salt and a bentonite/sand mixture (a proposed backfill 
material) on the propagation of radar signals. 

The second objective was to develop a research plan (proposal) for the 
in situ tests to be performed under Phase 2. This aspect of the study involved 
a brief investigation of alternative radar hardware designs. 
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The next section of this report describes our Phase 1 research activities 
and the results that we obtained. The last section contains our conclusions 
and recommendations relating to Phase 2 and the overall project plan, A 
detailed proposal for follow-on work under Phase 2 will be presented as a 
separate document. 
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2.0 PROCEDURES AND RESULTS 

2.1 BACKSCATTER lNG MEASUREciENTS 

The use of backscattered radar signals to determine the location and 
orientation of a buried waste canister or overpack canister will require that 
two conditions be satisfied: 

l) the backscattered signals must be sufficiently strong to allow the 
signals to be distinguished from noise _and clutter, and 

2) the characteristics of the backscattered signal ~ust be strongly 
dependent on the position and orientation of the canister relative to 
the radar antenna. 

The degree to which these conditions will be satisfied in the \~IPP envi
ronment will be determined by several factors. Specifically, the amplitude 
of the backscattered signals will depend on the power and sensitivity of the 
radar unit, the backscattering properties of the canisters, and the composition 
and distribution of the materials in and around the emplacement holes. The 
signal characteristics will be determined by the shape of the transmitted 
waveform, the shapes and sizes of the canisters, and the backscattering 
geometry. 

The scope of this Phase 1 effort did not permit a study of the effects of 
these factors under operational conditions (this will be done in Phase 2), 
but lt did include a laboratory experiment v1hich provided much useful data. 
This E·xperiment involved the use of an available raGar system to measure high
frequE·ncy radar signals backscattered from simulated canisters. 

Each of the test canisters was fabricated from a large, steel, liquid gas 
container. The upper end of each of these containers had a rounded shoulGer 
that closely matched that of the \JIPP waste canister design that was current 
when the test canisters were being constructed. That design has since been 
superceded by one which specifies a hemispherical shoulder shape as illustrated 
in Fic;ure 1.1. In order to match the shape of an overpack canister, one of 
the containers was modified by adding a flat, square-shouldered, end cap to 
its uj:per end. A UIPP-standard pintle assembly was welded to the top of each 
of thE containers. The resulting targets had the following dimensions: 

Simulated \~aste Canister 
Simulated Overpack Canister 

Diameter (em) 

50.5 
55.0 

Total Length (m) 

1. 55 
1. 52 

The differences in the dimensions of the simulated and actual canisters 
were not important in the test because our purpose was to assess the basic 
information content of the radar signal rather than to determine its detailed 
shape. More important is the fact that this experiment was performed in air 
rather than in salt. In the latter medium, the wavelength of each spectral 
component of the radar signal would be shortened by a factor of approximately 
2.5 (the square root of the dielectric constant of salt). Thus, the ratio of 
the canister diameter to the average signal wavelength was smaller in this 
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test case than it would be in the in situ application. Because the spatial 
information (target location and orientation) contained in a radar signal is 
less at long wavelengths than at short wavelengths, this experiment represented 
a worst-case test of the radar monitoring method. 

The radar unit used for this test was a Geophysical Survey Systems, 
Inc. (GSSI) System 7 with a t~odel 101C, 900-MHz antenna. This unit is an 
impulse-type radar operating on the principle of time domain reflectometry 
(range proportional to signal travel time). The backscattered radar signals 
(waveforms) were digitized by a microcomputer-based data acquisition unit and 
recorded in digital form on a cartridge magnetic tape. 

The backscattering measurements were made using a geometrical arrangement 
such that the axis of the target canister was positioned horizontally at a 
height of 1.43 m above the laboratory floor. The canister was supported by a 
radar-transparent box fabricated from sheets of rigid polystyrene foam. 

An apparatus was also constructed to move the GPR antenna along a set of 
straight, horizontal lines located in a vertical measurement plane. This 
arrangement permitted the collection of radar returns from the simulated canis
ters over a substantial range of incident and azimuth angles. A vertical 
column mounted on a wheeled carriage allowed the GPR antenna to be positioned 
on the column at 10 regularly spaced, 10-cm intervals starting at a height of 
1.0 m above the floor. The carriage was moved along a horizontal rail which 
fixed the location of the measurement plane. l·Jith the antenna centered on 
the canister axis, the distance from the antenna to the canister pintle was 
124 em. The range of horizontal motion v1as 3m, providing a 0.9-m-high by 
3-m-long measurement plane. The carriage and ver-';;ical column were constructed 
of wood and plastic to minimize radar reflections from the apparatus. The 
general setup and details of the components are shown in Figures 2.1 and 2.2. 

During each traverse of the measurement plane, the antenna carriage was 
pulled manually along the horizontal guide rail. The horizontal position of 
the radar antenna was detemined by assuming a constant carriage velocity; thus, 
any irregularities in that motion produced errors in the positions at which 
the data were assumed to have been taken. Analysis of the data indicated 
that a few scans exhibited position errors of as much as 15 em, but that the 
typical horizontal positioning accuracy was approximately 5 em. Vertical 
positioning of the antenna, determined by fixed locating holes in the vertical 
column, was accurate to less than 0.5 em. 

Backscattered radar waveforms were collected at a rate of approximately 
4 per second as the radar antenna was pulled along the 3-m-long track. The 
rate of motion was adjusted so that approximately 100 waveforms were collected 
on each traverse. The analog-to-digital conversion rate was set to produce 
200 samples within an effective time interval of 35 nsec. The range represented 
by the last digitized value in each waveform was 4.0 m. 

The radar measurements were made in a large open area so that return 
signals from other objects did not interfere with the identification of 
characteristic return signals from the pintle and front surfaces of the 
canisters. Radar signals reflected from the floor did interfere with 
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FIGURE 2. 1. A plan view of the experimental 
arrangement for backscattering 
measurements 

FIGURE 2. 2. Photographs showing the experimental 
setup for radar backscattering 
measurements on a simulated waste 
canister 



reflections from the far end of the canister. However, identification of the 
far end of the canister was not a goal of these measurements since the test 
geometry could not fully approximate that of an actual emplaced waste canister. 

Canister tilt was simulated by rotating the carriage track relative to 
the target axis. For the round-shouldered waste canister, measurements were 
made at "tilt" angles of 0°, 5°, and 10° . For the square-shouldered overpack 
canister, measurements were made at 0° and 8.5°. 

At each tilt angle, two scans were made along the 3-m track at each of 
the ten possible antenna heights. This was done first with the antenna 
polarization (electric field vector) horizontal and again with the antenna 
polarization vertical . A total of 120 scans were made using the waste canister 
and 80 scans were made using the overpack canister. A series of scans were 
also made on a spherical target to check radar per formance and the behavior 
of the test setup . All the data were recorded in digital form and converted 
to a standard format for computer analysis. 

2.2 PROCESSING OF THE RADAR BACKSCATTERING DATA 

The first step in computer processing the collected data was a linear, 
along-track interpolation of the waveforms collected along each 3-m traverse. 
This procedure yielded exactly 100 waveforms per traverse. Figure 2. 3 is a 
photographic display of one of the resulting data sets . Each of the 20 images, 
or radar profiles, in this figure is an intensity-modulated display of a 200-
row (sample) by 100 column (waveform) data array. The horizontal dimension 
in each profile corresponds to distance along the horizontal traverse line 
(0-3 m) . The vertical dimension corresponds to signal travel time (0-27 nsec) 
or range (0-4 m). The 20 profiles represent two traverses at each of the 10 
antenna heights (at one antenna polarization). 

The objective of the next stage of data processing was to extract numerical 
values defining the location and tilt of the target canister. Three different 
methods of accomplishing this goal were investigated: 

1) a direct visual analysis of the radar profiles, 

2) the calculation of Fourier spectra , and 

3) the calculation of correlation coefficients. 

These methods are empirical in the sense that they use only the measured 
data to derive estimates of canister location and tilt. Alternative approaches 
which invoke the physical principles of radar backscattering to compute target 
signatures are feasible , but were beyond the scope of this initial study. 

Consistent with the fact that this Phase 1 study was intended to assess 
the feasibility of the radar method, no attempt was made to complete the 
development of any of the three data analysis methods. The selection of a 
data processing method for operational use should not be made until additional 
tests can be performed and until further investigation of alternative methods 
can be completed . These actions are expected to constitute a major part of 
Phase 2 and perhaps even a part of Phase 3. 
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FIGURE 2. 3. Radar profiles showing backscattered signals 
from the simulated waste canister at a 0° 
tilt angle. The 20 profiles represent two 
traverses at each of 10 antenna heights . 
Data collected at a height of 1. 0 m is 
in the upper left corner; data from 1. 9 m 
is in the lower right corner. 
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2.2. 1 Direct Visual Analysis 

An examination of sets of profiles such as those shown in Figure 2.3 
indicates that it is relatively easy to determine the height of the test 
canister ' s axis . As expected in this test , the profiles collected at a height 
of 1. 4 m most closely represented a convergence of the antenna path with the 
target axis. Segments of six such profiles are shown in Figure 2. 4. The 
data contained in these profiles span the travel time interval between 6. 9 
and 14 . 0 nsec and represent backscattering from the simulated waste canister 
at both vertical and horizontal antenna polarizations (left and right sides 
of the figure , respectively). From top to bottom, these profiles correspond 
to canister tilt angles of 0° , S0

, and 10° . 

FIGURE 2. 4. Radar profiles showing backscattered data from the 
simulated waste canister at tilt angles of 0° (top), 
S0 (middle), and 10° (bottom) . The left and right 
sets of profiles show vertical ly polarized and 
horizontally po larized data, respectively . 

In each of the profiles, an indication of the tilt angle is given by the 
symmetry (or asymmetry) of the reflection pattern and by a distinctive flat
tening of the reflection pattern in the central part of the image. As illus
trated in Figure 2. 5, the latter feature can provide quantitative measurements 
of the location and tilt of the canister axis . The desired values are obtained 
by measuring the midpoint and slope of the flattened section . A vertical 
exaggeration in the image scale must be taken into account in calculating the 
slope. In the example shown , the apparent location of the canister axis is 
offset from the center of the profile because of a variation in the speed at 
which the antenna was pulled along the traverse line. A tabulation of the 
canister tilt angles measured by this method is as follows: 

Waste Canister 
Overpack Canister 

Actual Tilt Angles 
0° 5. 0° 8. 5° 10.0° 

10 
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FIGURE 2. 5. Illustration of the direct measurement of canister tilt 
angle using the slope of a flat section of the reflection 
pattern. The tilt angle is 8 = tan-1(.273/3 . ) = 5.2° . 

The uncertainty in each of these values is ±0.5°; thus this method appears 
to be sufficiently accurate . It is not clear, however , that the reflection pat
terns obtained from buried canisters will exhibit the same diagnostic features 
that are present in the patterns obtained in air. 

2. 2.2 Fourier Method 

All of the target-related information available in the backscattered radar 
signa s is contained in the shapes of the waveforms. No additional information 
can be generated by transforming the waveforms from the time domain into the 
frequ~ncy domain. On the other hand, a frequency-domain presentation of the 
wavefon1s offers new possibilities for data interpretation . 

-he Fourier transform of a time function f(t) (e. g., an individual radar 
waveform) is given by 

F( v) = J.: f(t)e-i 2wvt; dt 

where vis the frequency and F(v) is the complex frequency spectrum. The 
application of this transform to our digital radar data was accomplished by 
means of a Fast Fourier Transform (FFT) computer algorithm. Each 200-point 
time-domain waveform was supplemented by 56 trailing zeros to make the number 
of points equal to a power of two, then transformed to a 128-point frequency 
spectrum. Each complex spectral component could be characterized by the product 
of a magnitude term and a phase term. For a given radar traverse, or profile , 
either the magnitude values or the phase values constituted a new 
two-dimensional array which could be displayed in the same intensity-modulated 
form as the radar profiles shown in Figures 2. 3-2. 5. An example is Figure 
2. 6 which shows the phase values for the radar signals backscattered from the 
simulated waste canister at 10 antenna heights and tilt angles of 0° and 10°. 
Here the horizontal dimension again corresponds to distance along the 3-m 
traverse line, but the vertical dimension corresponds to frequency (0-2824 
MHz) rather than to range or travel time. Similar images were obtained by 
displaying the corresponding magnitude values. 
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The values displayed in Figure 2. 6 are actually not the raw phase angles 
calculated by the FFT, but rather values of the slope of the phase spectrum 
produced by allowing the phase spectrum to be continuous (i . e . , to take values 
greater than the normal 0-360° or 2n radians) . Points of maximum and m1n1mum 
rates of phase change are indicated in this figure by white and black tones, 
respectively. 

FIGURE 2.6 . Intensity-modulated images showing phase slope 
values for signals backscattered from the simulated 
waste canister at tilt angles of 0° (left) and 
10° (right). 

Several features which may potentially convey information about the 
location and orientation of the target canister are present in these images . 
An example is the small, arcuate, black pattern located near the center of 
each image. This pattern , representing frequencies at which the rate of change 
of phase angle is a minimum, is apparently associated with reflections from 
the near (pintle) end of the canister. The shapes of the patterns produced 
by the round-shouldered waste canister and the square-shouldered overpack 
canister, respectively, suggest that the patterns are associated with specular 
reflections from appropriately oriented segments of the canister surfaces . 
Bright spots located at the ends and, in some cases, near the center of the 
black patterns , suggest unique frequency responses at the outer edges of the 
canister shoulder and on the canister axis. 

A second feature , which may be more directly usable for deriving canister 
tilt angles , is a marked lateral asymmetry in the phase patterns of Figure 2. 6. 
The phase pattern in a given image tends to be the same on either side of the 
image centerline only in those cases where the canister tilt angle is 0° . 
The asymmetry is most pronounced at antenna locations greater than ±0 . 5 m 
from the centerline. This suggests that the features of interest are associated 
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with non-specular components of the backscattered signals and that the phases 
of these components depend on the tilt of the canister relative to the radar 
antenna . Thus , a quantitative measure of the asymmetry of a measured phase 
pattern may provide a good estimate of the canister tilt angle. To test this 
concept, an "asymmetry coefficient" was defined as described in the next 
paragraph . 

Assume that a measured radar profile contains M waveforms and that each 
waveform contains N digitized data. After Fourier transformation of each 
waveform as described above, this data array will be converted to a new array 
containing M columns (spectra) and K rows (frequency components in each 
spectrum). Each term in the array will contain the slope of the phase function 
at the corresponding spectral frequency . The asymmetry coefficient is then 

c = .!.Q. 
M 

where Pij is the slope of the phase of the ith frequency component in the jth 
columr . !1 and I2 define the range of frequencies to be used in calculating 
the asymmetry coefficient. 

Using our measured backscattering data to calculate the asymmetry 
coeff1cient gave the results shown in Figure 2. 7. This graph suggests that 
ratio1ng the phase slope values from opposite sides of the canister axis as 
descr'bed above may provide a sensitive measure of canister tilt. 

2. 2.3 Waveform Correlation Method 

-his method is based on the expectation that a radar waveform backscattered 
from an axially symmetric canister at a specific angle relative to the canister 
ax1s will be unique. If this is correct, it should be possible to scan a 
measurement plane to find a set of points at which the backscattered signal 
is identical to a prerecorded reference waveform obtained at a known back
scattering angle. Given such a set of points , it would be only an exercise 
in trigonometry to determine the location and tilt of the canister . The 
accuracy of this process could be enhanced by: 1) using additional reference 
waveforms to map the loci of several backscattering angles, and 2) using target 
range data in addition to points on the reference plane to compute the canister 
location and tilt. In a preliminary test of this method, the previously 
described radar backscattering data were used together with a digital signal 
correlation technique to identify the reference waveforms . 

The geometry of the backscattering measurement is illustrated in 
Figure 2.8. A waste canister is shown tilted at an angle 9 relative to a 
measurement reference plane. Radar waveforms corresponding to backscattering 
angles of 13 . 5° , 25. 6°, and 35. 8° were identified in the data set collected 
at a 0° tilt angle. These waveforms were extracted and used as reference wave
forms for the correlation computations . 
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FIGURE 2. 7. Calculated asymmetry coefficient as a 
function of canister t ilt angle for both 
test canisters. 

FIGURE 2.8. The geometry for correlation analysis. 
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The radar data were recorded as a series of numbers representing the 
amplitude of the radar return as a function of time. Let the increment of 
time between samples be T; then the data obtained at a single antenna location 
(i . e., a single waveform) may be represented by the series 

D1 , 02, D3, ••• Dj, ••• Dn 

where Dj is the signal amplitude at time jT . A reference waveform extracted 
from a set of such data collected under known conditions may be represented 
by the series 

where m < n. The correlation coefficient was calculated in the form 

s. = 
1 

m 

jll Rj Di+j 

f} Rj} Df+j 

where the index i gives the number of increments by which the reference wave
form has been shifted along the data waveform. The RMS terms in the denominator 
normalize the correlation coefficient. 

Figure 2. 9 shows calculated correlation coefficients displayed in the usual 
intensity-modulated format . The horizontal dimension corresponds to distance 
along the traverse line and the vertical dimension corresponds to range. The 
horizontal white line in each image shows the 3-m length of the traverse line 
and represents the range base line. The bright spots , corresponding to high 
values of the correlation coefficient, show the locations of backscattered 
waveforms that matched the reference waveforms. Thus, in Figure 2. 9, the 
bright spots indicate the locations of waveforms backscattered from the waste 
canister at the preselected backscattering angles . Figure 2.10 shows the 
equivalent results for the overpack canister. The results shown in both of 
these figures were derived from data collected along the traverse line located 
1. 4 m above the floor. Figure 2. 11 shows the geometry used to estimate the 
canister tilt angles from the data displayed in Figures 2.9 and 2. 10. Distances 
from the range base line to the bright spots in the photographs correspond to 
ranges R1 or R2 in Figure 2. 11. The horizontal separation between spots 
corresponds to the distance D1 + 02 . Angles measured from the photographs 
may thus be related directly to the canister tilt angle. The equation relating 
the measured angle n to the actual canister tilt angle e is 

tan n _ sec ( ~ + e) - sec ( ~ - 8) 
- tan ( ~ + 9) + tan n - e) 
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FIGURE 2. 9. Correlation data for the simulated waste canister 
at tilt angles of 0° (left) and 10° (right). From 
top to bottom, the images correspond to reference 
angles of 13.5° , 25. 6°, and 35.8° . 
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FIGURE 2. 10. Correlation data for the simulated overpack canister 
at a tilt angle of 8. 5° . From top to bottom, the 
images correspond to reference angles of 13. 5°, 
25.6° , and 35 . 8° . 
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FIGURE 2. 11. The geometry used to calculate the canister 
tilt angle using the correlation data 
displayed in Figures 2. 9 and 2. 10. 

For angles less than 30° , the difference between 9 and n is less than 2° . 
(An additional correction was applied ton because the horizontal and vertical 
scales of the radar profiles do not correspond exactly; the vertical dimension 
is magnified 1.13 times relative to the horizontal dimension . ) The measured 
tilt angles, converted for measurement geometry and image scale distortion , 
are as follows: 

Reference 
Anale 

13.5 
25.6 
35. 8 

Averages 

viaste 
5° Tilt 

6.0 
4. 4 
4. 2 

-4."9 

Canister 
10° Tilt 

8 . 1 
9.5 
8. 6 

-8:7 

Overpack Canister 
8. 5° Tilt 

9. 2 
8. 0 
8.6 

-8.6 

The expected error in these results is approximately ±15% due to 
uncertainties in the measurement of along-track distances and difficulty in 
reading the angles from the photographs. Accuracy is evidently better for 
the larger vi ewing angles (higher values of ~) as expected if errors are 
introduced by limited precision in position measurements . 

The bright spots in the data , especially for large viewing angles , clearly 
represent patterns of spots rather than unique single points . It would be 
expected that the backscattered radar waveforms would not change fundamentally 
over some range of angles , and this is evident in the data . It also appears 
that this distributed structure in the data may form consistent, characteristic 
patterns . (Such patterns are common in the angular distribution of radar 
ref l ections from complex objects . ) If these patterns can be identified 
reliably, processing techniques similar to those used to relate return waveform 
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patterns to viewing angle (i.e., correlation) can be used to improve the 
resolution of viewing angle determination. 

The radar ranges, R1 and Rz, were measured to some external point on the 
can1ster (not determ1ned 1n these tests) rather than to the centerline. The 
separation of these points complicates the geometry by introducing a conceptual 
line, representing the effective radar diameter of the structure between the 
points measured, For small angles, however, for which Q and a are very nearly 
the same, this line adds proportionally to both the ranges R1 and Rz and the 
separation D1 + Dz so that there is very little effect on the tilt angle 
measured. 

For actual waste canister measurements in salt, the radar position will 
be determined with an accuracy of about 1 em rather than with errors of up to 
15 em as in some of these data. A corresponding increase in tilt angle 
measurement precision is expected. Software will also be developed to determine 
angles directly from the data with a further anticipated increase in precision. 

The final precision of tilt measurements expected using this technique is 
better t1an 1°, perhaps as good as 0.5°, The accuracy of the measurements 
may be limited by signal refraction near the emplaced canisters. The use of 
data obtained by viewing at a number of different angles and through different 
paths provides the potential for identifying refractive variations, which 
would appear as inconsistencies in the measurements. A complicating factor 
in these measurements, which may have reduced the accuracy of the results, is 
that the radar system response is itself dependent on the angular location of 
the target with respect to the radar antenna axis. The resulting variation 
in radar return waveform as a function of angle between the radar antenna 
axis and the target axis was not corrected for in processing the data. The 
effect is probably small, but should be investigated in further work. 

The correlation analysis described above was applied to two-dimensional 
backscattering data; i.e., the plane in which the canister was tilted was known 
independently and was not determined from the radar data. In follow-on work, 
the analysis would be extended to the three-dimensional case. Also, significant 
additional data may be provided by examining the polarization properties of 
radar returns from out-of-plane viewing angles. Conventional GPR systems do 
not provide complete polarization data, but the limited information obtained 
in these early tests indicates that return polarization is very sensitive to 
out-of-plane viewing angles. This topic will be explored further in Phase 2 
and, if appropriate, the Phase 3 measurement system could be designed to acquire 
complete polarization data. 

2.3 RADAR SIGNAL PROPAGATION IN SALT AND BENTONITE 

In order to monitor buried waste canisters in the WIPP facility, radar 
signals may have to be transmitted through several materials. The predominant 
material is rock salt (halite) of the Permian-age Salado Formation which forms 
a thick layer at the WIPP site. This material contains minor amounts of clay, 
po lyha lite, anhydrite, gypsum, and other mi nera 1 s. Another material, not 
normally associated with the salt but potentially significant with respect to 
the propagation of radar signals near the buried canisters, is bentonite. This 
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clay material is being considered for use in substantial quantities (in the 
form of a bentonite/sand mixture) as a mechanical buffer and a moisture absorber 
around the canisters. It may also be used to backfill the emplacement holes 
after the canisters have been inserted. 

In a dry state, none of these material is likely to significantly affect 
the propagation of the transmitted or reflected radar signals. On the other 
hand, the velocity, attenuation, and reflection of the radar signals are 
sensitive to the amount of moisture contained in the materials. An increase 
in the moisture content of any of these materials, particularly the salt and 
the bentonite, will result in a reduced propagation velocity, an increased 
attenuation rate, and an increased reflectivity. Thus, the presence of 
saturated salt or wet bentonite would be a potential limiting factor on the 
use of radar to monitor waste canisters. Even a thin layer of either of these 
materials could constitute a substantial absorptive and reflective barrier 
to the propagation of a radar signal. A brief introduction to the topic of 
signal propagation in the ground is presented in the Appendix. 

2.3.1 Available Data 

Dry rock salt such as that present at the WIPP site exhibits very low 
values of electrical conductivity--typically lo-5- lQ-4 Si/meter. 
Consequently, it is a highly favorable medium for radar signal propagation. 
Several studies involving radar measurements in salt have been reportedl-5. 
The signal attenuation rates experienced in these studies have apparently 
been less than 0.1 db/m. At this attenuation rate, absorption losses in the 
salt would be nearly negligible at the short ranges required for canister 
monitoring. 

The radar signal velocity 
approximately 1,2 x 108m/sec. 
the dielectric constant of the 

in a typical, natural~ rock salt body is 
This quantity is determined almost entirely by 

salt. 

In its dry state, bentonite is not a strong absorber of radar signals. 
However, its radar signal absorption rate increases dramatically wlth the 
addition of a small amount of water. A brief literature search conducted for 
this project did not reveal much experimental data on the electrical properties 
of this material, although some data for frequencies outside our range of 
interest is presented in References 7 and 8". A considerable amount of pertinent 
data is available for similar clay materials, however. 

Table 2.1 lists some of the available data relating to the radar signal 
propagation properties of salt and bentonite. This table is intended only to 
provide a general overview of the range of possible values for these materials; 
it is not a definitive compilation of data. Consequently, we have felt free 
to estimate certain quantities that were not directly available. 
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TABLE 2. l. Parameters Relating to Radar Signal Propagation 
in Selected Materials 

Moisture Relative Signa 1 Attenuation 
Content Dielectric Velocity Conductivity Rate Frequency 

Materia 1 ~MHz) (wt. %) Constant po8 m/sec) (Si[m) (dB/m) Reference 

Salt 300 <4 -.03 1 
500 <4 5.5 1. 28 Range 23 " 2 
440 <4 6,83 1. 15 -lo-4 -. 1 4 

Sa 1t Water 1100 ·30 • 55 -32 4300 6 
(50 °(, 180 KPPM NaCl) 

Benton1 te 10 4. 3 1. 45 4.3xlo-6 .003 7 
4000 - 5 3.8 1, 54 .21 176 8 
4000 -15 7.8 1. 07 • 58 346 8 
4000 -22 12.0 .87 1.16 569 8 

c l<!y 1074 10 6.0 1.22 .08 57 9 
1074 25 9. 5 .97 .14 78 9 
1074 40 20.0 .67 .34 121 9 

Clay-Loa~ Soil TOO 10 13.0 .83 • 04 17 10 
1000 10 10.0 . 95 .14 71 10 

Salado Salt 300-600 ·2 6. 35 1. 19 Current Work 

Bentonite/Sand 300-600 TO 5.4 1. 29 .043 31 Current Work 
( 70%/JC%) 300-600 12 5.4 1. 29 • 051 37 Current \o/ork 

2.3.2 Measurements on Salt and Bentonite 

The last three entries in Table 2.1 represent measured data obtained 
during this project. Measurements of the signal propagation velocity and 
attenuation rate in salt and bentonite were not included in the original plan 
for this Phase 1 work; however, as the project developed, it seemed appropriate 
to include modest efforts in these areas. The measurements were performed in 
a simple, 11 quick and dirty11 manner using the available GSSI radar unit. The 
results should be regarded as both approximate and preliminary. 

The signal velocity in salt was measured in a cylindrical salt block 
extracted from the floor of the WIPP facility. Minor amounts of clay were 
distrlbuted throughout the block, mainly as thin, irregular patches between 
halite crystals. Other minerals associated with the halite were presumably 
disseminated uniformly throughout the volume. No macroscopic layers or 
fractures were visible. 

The block was 86.4 em in diameter and 58 em long. A drilled hole 5 em 
in diameter passed through the length of the block on the cylinder axis. 

The radar signal velocity was measured both vertically (between the ends 
of the cylinder) and horizontally (across the diameter). In the former case, 
the 900-~Hz GSSI antenna was placed on the top of the block. Signals reflected 
from the bottom of the block were recorded and analyzed to determine their 
round-trip travel time. In the latter case, the antenna was mounted against 
the side of the block. The recorded signals included reflections from: 
1) the open center hole, 2) an aluminum rod in the center hole, and 3) an 
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aluminum rod held against the side of the block at a point diametrically 
opposite the antenna. The measured travel times together with the dimensions 
of the block gave the velocity listed in Table 2, 1. The signal attenuation 
was too small to estimate in this simple experimental arrangement. 

Measurements of signal velocity and attenuation in bentonite were made 
in a similar manner. A wooden box 91 em square by 38 em high was filled to 
a depth of 38 em with a mixture consisting of 70% (wt) granular bentonite 
and 30% fine-grained quartz sand. The initial moisture content of the mixture 
was 10.2% by weight as determined by weighing a sample before and after heating 
at a temperature of 150-160°C for 34 hours. 

The 900-MHz antenna was mounted on one side of the box. A thin metal 
plate, oriented such that its surface was parallel to the front surface of 
the antenna, was inserted vertically into the bentonite/sand mixture and the 
signals reflected from this plate were recorded. Measurements of this type 
were made at seven antenna-target distances ranging from 25 to 60 em. After 
this first series of measurements was completed, water was added to the mixture 
(with thorough mixing) and the measurements were repeated. The measured 
moisture content for this second set of measurements was 12.2%. 

The signal velocity given in Table 2.1 was determined from a plot of 
antenna-target distance vs. travel time. The attenuation rates were estimated 
by fitting the measured amplitude vs. distance values by functions of the form 

f(d) 

where C is a constant, d is the antenna-target separation, p is an exponent 
related to the geometrical spreading of the signal, and u is the attenuation 
constant in units of nepers/m (see Appendix). The attenuation rate A is related 
to a by A "" 8. 69a dB/m. 

2.3.3 Reflection and Refraction 

The backscattering measurements described in Section 2.1 indicate that 
the location and orientation of the waste canisters can be accurately determined 
by the radar method provided that the canisters are contained in a uniform 
dielectric medium (e.g., air or salt). However, the actual signal propagation 
medium may be non-uniform due to the presence of bentonite or crushed salt in 
the burial hole and the possible localization of moisture in these materials. 

At an interface between any two materials, the radar signal wlll undergo 
both refraction and partial reflection. Refraction (bending of the signal 
path) is likely to be the more important factor in terms of its effect on 
measurement accuracy. Part i a 1 reflect ions wi 11 reduce signa 1 amp 1 i tude, but 
should not be a serious problem unless the reflection coefficient approaches 
unity at a critical interface. 

Figure 2.12 shows three 
from the ends of a canister. 

possible ray paths for 
The ray backscattered 
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illustrates refraction of the salt-bentonite interface for a case where the 
signal velocity is greater in the salt than in the bentonite (as indicated in 
Table 2.1, the reverse may be true when the bentonite is dry). The figure 
also 1llustrates a case where the containment hole is only partially filled 
with the bentonite/sand mixture. 

Figure 2.12. 

Rad~r {\ 
Antenna U 

\ 

" " ' ' ' ' ~--J 

Th1n Clay Layer 

Examples of ray paths for radar signals backscattered 
from a canister buried in salt \1ith bentonite/sand 
backfill material. A possible thin clay layer is 
also illustrated. 

~lthough the geometry shown in Figure 2.12 offers several possibilities 
for r:fraction, it represents a highly symmetrical situation in which the 
difficulty of measuring the location and orientation of the canister would be 
at a ·ninimurn. Additional sources of inaccuracy would be present if one or 
more of the material interfaces were tilted. Some tilting is expected to 
occur, of course, given enough time for the salt to flow in response to pressure 
gradients. A significant refractive effect may also occur at the air-salt 
interface (i.e., at the floor of the storage room) if that surface is not 
quite horizontal. Fortunately, it should be possible to determine interface 
tilts from the reflected radar signals or, in the case of the floor surface, 
by direct measurement. The effects of refraction may thus be computed and 
corrected for if the properties of the materials involved are known. 

The magnitude of the corrections needed to determine canister location 
and tilt can be easily estimated if we assume a nearly vertical viewing angle. 
Figure 2.13 shows a simplified radar propagation path from the surface through 
layers of salt and bentonite to a waste canister. The path shown is the one 
that arrives along the canister 1 s axis. The interfaces between various layers 
are shown inclined at angles e1 for air to salt and ez for salt to bentonite. 
The canister tilt angle with respect to vertical is BJ. 
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FIGURE 2. 13. Refraction of a radar signal specularly reflected from 
the canister pintle. 

The angle 80 at which the refracted, or apparent, centerline appears at the 
surface wi 11 not, in genera 1, be the same as 83. As sh01vn, the refracted 
centerl-ine will also be displaced by some distance X from the true extended 
centerline. The angle 80 and the displacement X are approximated by 

and 

\IJhere N5 and Nb are the radar indices of refraction for salt and bentonite, 
respectively. (The index of refraction is the factor by vJhich radar propagation 
velocity is reduced in the material relative to air, The numerical values 
would be about 2. 5 for both salt and bentonite.) The above equations were 
derived by making the approximations, valid for small angles (in radians), 
that 

sin ¢ "' tan ¢ = ¢. 

::laking the additional simplifying assumption that ~~b is equal to ~Is, which is 
equivalent to reducing the situation to a single layer of index rJ, we obtain 
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and 

X 'Do [IN - l) 61 + N9gj + D1(83- 81) 

The effect of the salt layer on the perceived canister tilt angle is 
thus to magnify the actual canister tilt by a factor of approximately N 
(numerical value 2.5) and introduce a correction of 1 - N (numerical value 
1.5) times the tilt of the air-salt interface. As would be expected for a 
single-layer model, the spatial displacement of the perceived centerline depends 
on the (magnified) tilt angle and the height of the reference plane above the 
salt surface, 

tl.pparently, the effect of refraction at layer boundaries will be 
significant and must be computed and corrected for in data analysis. The 
most significant refraction is expected at the air-salt boundary, but the 
tilt of this surface relative to a horizontal reference plane can be directly 
measur-ed. As suggested above, the tilt angles of subsurface interfaces can 
probably be determined from the reflected radar signals. ~Jon-planar interfaces 
will complicate the correction process. 

A situation not covered by the simple model of distinct, homogeneous layers 
is the case of continuous velocity gradients. Such gradients, if present, 
would produce only a small amount of refractive bending, but data are not 
available. The use of radar measurements obtained through a number of different 
paths to the canister may allow the detection of errors in the refractive 
correction. Uncompensated refractive errors would cause the measurements to 
disagt'ee. The occurrence and magnitude of discrepanc-ies would thus indlcate 
the existence and magnitude of otherwise undetected refractlVe effects. 

During operation of a radar sensing system, one or more antennas would 
be moved along a regular, predetermined, grid pattern located a few centimeters 
above the floor of a canister storage room. Signals traveling between the 
antennas and a buried canister will follow refracted paths as indicated in 
Figures 2.12 and 2. 13. Each refractive interface along a given path will 
attenuate the signal by reflecting part of its energy in an undesired 
direc:.ion. These losses, which occur equally on each leg of the two-way signal 
path, could significantly reduce the amplitude of the received signal. If 
the signal amplitude were reduced to a level comparable to that of the random 
noise present in the radar receiver, the accuracy of the measurement would be 
severely degraded. The point at which the radar method would become ineffective 
would be determined by the power and sensitivity of the radar unit and by the 
signal reflection coefficients at the material interface. 

The reflection of an electromagnetic wave at a planar interface is 
discussed in the Appendix. It is shown there that the reflection coefficient 
at a given interface is determined by the dielectric constants and electrical 
conductivities of the materials. The equations given in the Appendix, together 
with data from Table 2.1, give the following values for the magnitude of the 
complex amplitude reflection coefficient at four possible material interfaces: 
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Interface 

Air-Salt 
Air-Bentonite 
Salt-Bentonite 
Salt-Brine 

_IR_I 

. 43 
• 42 
. 09 
.85 

These values were calculated for signals that are vertically incident on the 
interfaces and would be higher for obliquely incident signals. Nevertheless, 
they show that a salt-bentonite interface is relatively benign at moderate 
levels of bentonite moisture content (12% was assumed as in Table 2. 1). A 
salt-brine interface, on the other hand, would be a strong reflector of radar 
energy. In view of the fact that the dynamic range of the radar unit will 
almost certainly be greater than 100 dB (a range of 105 in signal amplitude), 
these reflection coefficients do not seem to represent a serious problem except 
in combination with the strong attenuation rates expected for brine and moist 
bentonite. 
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3.0 GPR HARDWARE 

3.1 DISCUSSION 

The ground-penetrating radar system used to collect backscattering data 
in this feasibility study is not necessarily the optimum system to use in the 
planned operational monitoring system. The GSSI radar unit was designed to 
perfor~ a broad range of subsurface sensing tasks (e.g,, pipe detection, 
chemical waste mapping, rebar detection in concrete) under widely varying 
environmental conditions. Thus, it is unlikely to represent an optimum system 
for the very specific task of monitoring waste canisters in salt. The main 
design factors to be addressed in defining an optimum system for the WIPP 
application are: 

• transmitter power 
• frequency spectrum of the transmitted signal 
• system bandwidth 
• antenna beamwidth 
• antenna impedance (matching to salt) 
• antenna polarization. 

These factors are discussed very briefly in the following paragraphs. 

Transmitter Power--The average power transmitted by the GSSI Model lOlC antenna 
used in this study was approximately 0.06 mW. Increasing this power level by 
increasing the amplitude of the transmitted pulse or by increasing the pulse 
repetltion rate would improve the effective signal-to-noise ratio of the 
received signals. 

Signal Noise--The random electronic nolse present at the output of the radar 
receiver circuit can be minimized by careful circuit design. A crltical point 
is to amplify the received signals to a level of approximately 0.1 V prior to 
the gating operation needed to sample and digitize the high-frequency signals. 

Frequency Spectrum--In order to achieve the desired accuracy in measurements 
of canister location and tilt, it seems necessary to utilize short (approxi
mately 1-nsec long) radar impulses. Such impulses correspond to broad frequency 
spectra which span several octaves around a center frequency of approximately 
1 GHz. 

System Bandwidth--A short (broad spectrum) radar signal can be transmitted 
and received without distortion only if all components of the radar system 
have a wide spectral bandwidth. The GSSI antennas, and most others used in 
GPR applicatons, are inherently narrow-band devices which distort and lengthen 
the transmitted radar signals. For high-resolution measurements, it may be 
desirable to utilize antennas of an alternative design. In addition, the 
receiver electronics must have a bandwidth consistent with that of the antennas. 

Antenna Beamwidth--An additional aspect of antenna design in this application 
is the need to illuminate a target canister over a wide range of viewing 
angles. A beamwidth of approximately ±45° at the half-power points is needed 
to maintain an acceptable signal amplitude over the entire angular range. 
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Antenna Impedance--Unwanted reflections of the radar signals at the apertures 
of the transmitting and receiving antennas can be minimized by matching the 
aperture impedance of the antennas to that of the external medium. In this 
case, the appropriate medium is salt and the impedance to be matched is approxi
mately 150 ohms (see Appendix). 

Antenna Polarization--The backscattering measurements made in this study indi
cate that the characteristics of signals backscattered from a tilted canister 
are dependent upon the polarization of the transmitted signal. Although this 
effect is not discussed in detail in this report, it is significant and should 
be considered further in subsequent work. It may be possible to utilize polari
zation data to determine canister orientation. 

3.2 PRODUCT SURVEY 

A survey of commercially available GPR systems was conducted in order to 
determine whether a radar unit suitable for canister monitoring could be 
obtained 11off the shelf. 11 Six companies involved in the development and sale 
(or use) of GPR systems were contacted. These were: 

1) Geophysical Survey Systems, Inc. (GSSI) 
15 Flagstone Drive 
Hudson, tJew Hampshire 03051 

2) MAC0~1 
Burlington, Massachusetts 

3) XADAR Corporation 
5400 Port Royal Road 
P.O. So' 1162 
Springfield, Virginia 22151 

4) OYO Corporation (USA) 
7334 N. Gessner Road 
Houston, Texas 77040 

5) Penetradar Corporation 
6865 Walmore Road 
Niagra Falls, New York 14304 

6) Gulf Applied Research 
Suite S 
2260 Northwest Parkway, S.E. 
~1arletta, Georgia 30067 

As one might expect, these companies provided some general system design 
information, but not much detailed information regarding antenna design, pulse 
generator design, and so on, The configurations of the GPR systems produced 
by four of these companies are illustrated in Figures 3. 1-3.3. 
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FIGURE 3.1. GPR systems produced by GSSI (left) and OYO. 

FIGURE 3.2. Gulf Applied Research system for highway inspection. 
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FIGURE 3.3 . The Penetradar GPR system. 

Table 3.1 summarizes the information obtained from the companies listed 
above . Note that two distinct systems are described for both XAOAR and Gulf 
Applied Research . It is also significant that all but one of the GPR systems 
listed are impulse-type systems operating on the principle of time-domain 
reflectometry. The exception , the synthetic pulse concept under development 
by XADAR, is an interesting approach that may yield improved penetration 
depths . Its main limitations appear to be its slowness of operation and its 
relatively poor spatial resolution . A number of other innovative and poten
tially useful design concepts are represented in this list; for example , the 
monostatic antenna configuration used by Penetradar, the AGC functions employed 
by XAOAR and OYO, the 1-MHz pulse repetition rate used by Penet radar, and the 
raised antenna being investigated by Gulf App l ied Research . 

In summary, however , none of these systems represents an ideal design for 
the unique application being studied in this project. In particular, the 
antenna used in these systems do not provide the desired combination of 
bandwidth , beamwidth, and impedance matching as described in Section 3. 1. An 
appropriate radar unit for this application would probably consist of a 
specially designed antenna interfaced to a basic electronics package similar 
to those developed for the commercial products. 
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TABLE 3.1. Summary of the Characteristics of Commercial GPR Systems 

Principal 
---"'"P~Pl_icat ion_ 

Gener•l purpose 

General purpose 

!-lining suneys 

Highwily 
inspectiOn 

Highway 
inspection 

Generd I 
purpose 

Genera 1 
purpose 

Pipe & cable 
detection 

Antenna Output P<mer, Frequency Unique 
Fe~ture> _ ____ J.tJ!~ _____ f,!!.]~th_ -~-~~ ---- \=_l!llloent> 

First co"'"erciol 
sy;teill 

l·li croprocessor-b<~sed 
control unit. 
Oigita] WG & AGC 

~yuthetil pulse 
system 

Sin~le-antenna 
design. 1-~llll pulse 
rate. 

lot.>l packdge 
includes survey truck. 

High power. 
Rai;ed dntenn• 
pl•nned 

SelectGble preamp 
gain. !IGC. Color 
displ•y. 

Locator, not mapper. 
Stepwise med>ure
ment nJQde. 

Bow tie <42 w peok 
T-6 nsec 

50-1200 Mllz 
via interch•ngeable 
transceivers. 

Bow tie 
Bistatlc 
conf!gurdtion 

50-250 W pe<ok 50-1200 Hltz est. 
'-l-6 n~~c Vld int~rch•ngeab\e 

transceiver>. 

Unknown 

Wedge TEll Horn 
{HHT) 

Unknown 

.75-2.0 11sec 

Wed~e THl l!orn 20 w peGI< 
· est. 

Sow tie 
Oth~rs tested 

Sow tie? 
Sistat.ic 
configuration 

>2000 w peak 
3 m;ec 

o.70 volts 
8 n~ec 

floppy dipoles Unknown 
(crossed) 

-,20-160 11Hz 

·vl00-2500 llllz 

200-2000 MHZ 

·dS0-450 HHl 

60-180 IV!z est. 

30-300 mlz 

lliclely used, flexible system. 

Simi1<1r to GSSl, more expen
sive, nldyb~ bette•· control 
unit. 

System under development. 
Slo.; operation due to frequency 
steps. Good depth penetration. 
Not to be marketed. 

Low power sy,tem intended for 
very shallm; penetr<~t.ion. 
Origin•lly developed to detect 
land <Hines 

System 110t m~rket.ed. 

Systen under development. 
34 dB improvement over (,SSI 
unit. 

Severdl innov;,t.ive fe•tures. 

Terrascan system {Ohio State 
UniversiT.y). In redes19n 
ph•se. 



3.3 LITERATURE SEARCH 

R&D efforts in the fields of radar and RF communication over the past 
several decades have resulted in the publication of thousands of papers on 
antenna design. Although very few of these papers directly address the design 
of GPR antennas per se, some of them describe antennas that can be adapted to 
GPR usage. The objective of this literature search was to acquire some of 
the key recently published papers relating to existing GPR antenna designs. 
Our approach included searches of the following computer data bases: 

• NTIS- The National Technical Information Service listing of government 
reports in a broad range of technical fields. 

• Engineering Index - A comprehensive listing of engineering-oriented papers 
published in international technical journals and books. 

• INSPEC- A comprehensive international listing of papers, reports, and 
books covering the fields of physics, electrical engineering, and compu
ters. 

Additional publications available in the technical library of the Pacific 
Northwest Laboratory were examined as a supplement to this computer search. 
The most useful of these were the IRE and IEEE Transactions on Antennas and 
Propagation. The Bibliography at the end of this report lists some of the 
reports, papers, and books that were acquired and examined as a result of 
this literature search. 

Table 3.2 summarizes the principal operational characteristics of four 
basic antenna types which have proven to be effective in GPR applications. 
The quoted values of geometric gain are referenced to a theoretical isotropic 
radiator (dBi). This value can be related to actual signal strengths or sensi
tivities by multiplying by antenna efficiency, which, for GPR antenna systems 
optlmized for pulse response and low ringing, will probably be less than 50% 
(-3 dB). All of the values given in this table are estimates or are represen
tative of one particular case; a wide range of variation is possible. 

The various dipole antenna designs offer the advantage of a wide beamwidth 
but suffer from an inherently narrow bandwidth. A planar spiral antenna is 
typically light and compact (an advantage in this application), but exhibits 
severe phase dispersion. This latter characteristic results in pulse distor
tion and a loss of spatial information. 

The antennas that appear to offer the best performance are three-dimen
sional structures generally classified as TEM antennas. These antennas may 
take sever a 1 forms, but a 11 approximate a tapered transmission 1 i ne impedance 
transformer. An antenna of this kind could be enhanced by dielectric loading 
to reduce its physical size. As far as we know, only the exponentially flared 
TEM antenna has been tested in a dielectric-filled form. The more recently 
developed constant-angle wedge antennas offer potential advantages, particularly 
in reduced ringing, but would require some development to incorporate dielectric 
loading. 
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If future analysis indicates significant advantages in a system with 
multiple polarization capability, a feasible course of action would be to 
develop a version of the transmission line wedge antenna that would incorporate 
orthogonal polarizations in a common volume. 

CHAI1JICTE~ISTIC 

Geome~ric Gain 

TABLE 3.2. 

Dipoles, Including 
Folded and Bow Tie 

Types 

"'4-5 dBi if radiation 
is confined to 1 hemi
sphere by shielding or 
grouM refraction. 

Bea~1dth (in air) 60"-90" in plane of 
electrical ~xis. Less 
than 130" in plane per
~cndic~lar to axis. 

Pulse Dis~ortian 

Feed lmpe·Jance 

Pol<;rizat10r1 

Notes 

Typically less than 2:1, 
but may be widened if 
low radiation efficiency 
is acceptable. 

~ependent on bandwidth 
(may deoend on ground 
coupling). 

70 ohms for th1n re~o
nant dipole. More than 
300 ohms for folded 
types. 

Leng~h approx~mately 1/2 
wavelength of lowest 
frequency. Height and 
width dependent on re
flectors and sh1elding. 

Damping required for 
acceptable puhe re
sponse may make antenna 
inefficient, yielding 
gain less tMn 0 dBi. 

Summary of antenna characteristics 

ANWUIA TYPES 

Cavity-Backea 
Sp1 ra 1 

-..7 dBi. Actual gain 
varies with frequency 
and system eff1ciency. 
~a lues of ·4 to 2 dBi 
are typical. 

70"-90" 

More thon 10:1 
possible. 

Distortion produced by 
dispersion inherent in 
delay line structure. 

o.200 ohms. Usually con
verted to 50 ohms by a 
balanced transformer. 

Circular (produced by 
delay in the sciro.l). 

Diar.~eter aoproximdtely 
l/3 to 1/2 wavelength 
of lowest frequency. 
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Exponential and 
Pi dged Horns 

5-15 dB1, typically 
frequency dependent. 

25"-75" 

4:1 to 10:1 or more 
depending on details of 
design. 

Slight. R~latively low 
disoersion. 

Usually made to match 
50-ohm transmission 
line. 

Linear. 
can have 
antennas 
¥olume. 

Ridged horns 
two orthogona 1 
in CO.mlOn 

Max. dimensions are 
"-1/2-l wavelength of 
lowest frequency. Di
electric filler needed 
for frequencies as low 
as 50 MHZ. 

A broad range of hybrid 
waveguide-transmission 
line structures using 
exponentially increasing 
spacing between ele'11ents 
to approximate a wide 
bandwidth impedance 
match from a transmis
sion line to free space. 

Constant Angle, or 
Wedge TEM Horn 
(GWIA or n.J:Ti 

Frequency dependent. 
Typically -20 ~Bi at 
lowest useful freouency 
to "'"5 dBi at highest 
frequency. Gain is in
versely proportional to 
wavelength (constant 
effective aperture). 

35"-45". Can be 
increased Oy ad_;'ust1~g 

flare angle. 

20:! or greater. 

Lo~<~est d1stortion of any 
Knr;wn antennJ. ::Jose 
to theoretical m;11imum. 

Can be 'Hade t.o 50 onms, 

Linen. 

Long axi:; (he1ght) vl/2 
wavelength of lo~<~est 

useful freouency. 

Developed to transmit 
short impulses, so not 
characterized by :he 
continuous wave, single 
frequency me<Hurernents 
co.m1only u~ed for otner 
antennas. 
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4.0 CONCLUSIONS AND RECOMMENDATIONS 

4.1 CONCLUSIONS 

This Phase 1 study was an initial effort to assess GPR technology as a 
possible means of monitoring buried waste canisters. The principal conclusion 
to be dr.lwn from the work described on the preceding pages of this report is 
that the radar method can be effectively used for that purpose, 

The backscattering measurements made in the laboratory showed that 
canister-shaped targets produce strong, easily detectable, backscattered signals 
from the pintle and shoulder areas of the waste and overpack canisters. 

Three data analysis methods of varying degrees of complexity were shown 
to produce good estimates of the location and tilt of the canister axis. The 
accuracy of the results obtained was within the tolerances prescribed as system 
performance goals (±5 em in position, ±2° in tilt angle). It is not yet clear 
which of the three data analysis methods will be most effective when the targets 
are buried in salt. The method involving the use of selected reference wave
forms to calculate correlation coefficients is particularly attractive because 
it offers the possibility of a completely automatic, computer controlled, 
data collection and analysis process. 

The use of bentonite, presumably in the form of a bentonite/sand mixture, 
as a filler material in the canister emplacement holes will introduce the 
problems of refracted signal paths and potentially severe signal attenuation 
at near-vertical radar viewing angles. The refraction problem would 
significantly increase the complexity of the data analysis process due to the 
necessity of determining the attitude of each refractive interface and 
calculating appropriate correction terms. A thick layer of bentonite (say 
50 em or greater) would severely attenuate radar signals transmitted within the 
circumference of the emp 1 acement ho 1 es. 

On the other hand, the problems associated with the use of bentonite may 
not be significant if satisfactory results can be obtained by utilizing only 
signals collected at oblique radar viewing angles (i.e., signals collected 
with the radar antenna outside the circumference of the emplacement hole). 
The feasibility of this approach is suggested by the success of the Fourier 
and waveform correlation methods of data analysis as described in Sections 
2.2.2 and 2.2.3. 

A brine-forming concentration of water in the salt surrounding a canister 
would represent a worst case situation from the point of view of radar 
monitoring. Fortunately, the rate of thermally induced moisture accumulation 
near a hot canister is expected to be only 200 ml per year for the first 10 
years after canister burial and somewhat slower thereafter· Apparently, it 
is not yet clear where this moisture will accumulate or whether it 1vill do 
so at a concentration sufficient to form brine. If this small amount of 
moisture were to be absorbed by a bentonite blanket around a canister, it 
would not have sufficient volume to increase the signal absorption rate to a 
level where it would hinder the radar monitoring technique. 
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A GPR unit for routine canister monitoring operations could be assembled 
almost entirely from commercially available hardware components. The principal 
exception is the radar antenna which may require a development effort. The 
goal of this effort would be to construct a compact, wide-bandwidth, low-dis
tortion antenna with a broad beamwidth. An appropriate basic design would 
probably be a ridged horn or a constant-angle wedge TEM antenna. A micro
computer-based digital data acquisition unit similar to that used in the 
experimental part of this study could be interfaced to the radar unit to 
comprise a complete, sensing system, A highly automated operational mode 
could be achieved by programming the microcomputer to control the movement of 
the radar antenna on a measurement plane defined by movable guide rails. 

4,2 RECOMMENDATIONS 

The results of this initial investigation are strongly positive with 
respect to the feasibility of measuring canister location and orientation by 
means of a radar backscattering technique. The potential difficulties that 
are discussed above are speculative and cannot be fully understood or resolved 
without additional experimental data. Therefore, we recommend that the second 
phase of this project be initiated, 

The work planned to be performed under Phase 2 is focused on experimental 
measurements at the WIPP facility. The objectives of these measurements and 
the associated data analysis effort would be to: 

1) investigate the propagation of a high-frequency radar signal in the 
natural salt medium, 

2) confirm that useful backscattered radar signals can be obtained from 
canisters contained in the salt, 

3) assess the effects of bentonite backfill on the propagation and back
scattering of radar signals, 

4) evaluate the performance of at least one alternative radar antenna 
or system in addition to the GSSI unit, and 

5) test and refine data analysis procedures. 

Preparations for this experimental effort would involve the burial of 
several waste canisters in the floor of an experimental room in the underground 
~~IPP facility. Our tentative recommendation is that five canisters be buried. 
Three of these should be emplaced at a tilt angle of a few degrees. One 
vertical hole and one tilted hole should be partially or completely backfilled 
with bentonite (the amount of bentonite would be changed during the test 
period). 

An empty test hole approximately 15 inches in diameter should also be 
provided. A spherical aluminum radar target lowered into this hole to known 
depths would provide a means of measuring both the signal velocity and the 
attenuation rate as a function of depth in the salt. These quantities would 
be estimated from the travel times and amplitudes of the backscattered signals 
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obtained at several slant angles as the spherical target is lowered to pro
gressively greater depths in the test hole. 

The radar measurements would be made by manually moving the radar antenna 
across a two-dimensional grid with the aid of guide rails. The position of 
the antenna would be automatically encoded and recorded along with the radar 
signals. The digital data recording system described in Section 2.1 would be 
used to digitize and record the radar data. 

The backscattered data from the buried canisters would provide a good 
estimate of the accuracy to which the location and orientation of the pintle 
structure of a given canister can be determined when the canister is in place 
with salt and bentonite backfill. These measurements would also determine the 
feasibility and accuracy of locating the lower end of a canister. An accurate 
determir.ation of the locations of the top and bottom ends of a canister would 
provide a relatively direct means of measuring canister tilt. 

Initial test measurements would be made with the GSSI radar unit. A 
second set of measurements would be made with an alternative GPR unit utilizing 
a different type of antenna and a different frequency range. This approach 
would allow us to verify our understanding of the effects of varying radar 
system parameters. The commercial unit built by Penetradar (see Section 3) 
seems particularly suitable for this purpose. Specific radar system para
meters to be evaluated include: 

Frequency--To what extent does increased attenuation, scattering, and 
refraction in the salt formation affect the potential gain in resolution 
thct would be expected at higher frequencies? 

Antenna beam..,.;idth--As suggested in Section 3, a broad antenna beamwidth 
is expected to be needed to provide reasonably uniform illumination of 
the· buried canisters over a wide range of viewing angles. A possible 
alternative approach would be to use a narrow beam together with a 
mechanism for aiming the antenna in the proper direction. This approach 
would probably yield an improved signal-to-noise ratio but would require 
a more complex monitoring system. 

Antenna polarization--In theory, the optimum procedure for identifying the 
axis of a symmetrical object such as a waste canister involves the use of 
orthogonally polarized transmitting and receiving antennas. Because a 
suitable dual-polarization GPR antenna would have to be constructed for 
this project, it may not be feasible to test this approach under the 
planned Phase 2 effort. 

The data processing methods used in Phase 1 should be refined and extended 
to three dimensions so that the azimuth angle of canister tilt can be deter
mined. Also, as suggested above, the possibility of calculating canister 
orientation by using the measured coordinates of both the top and bottom ends 
of the canister should be investigated. All available data processing methods 
should be compared using the following criteria: 
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• accuracy; 

• insensitivity to backfill material and to variations in the salt; and 

• suitability for automatic data analysis. 

An efficient computer technique for analysis of the radar backscattering 
data is an important design goal because of the large volume of data that 
will be produced by an operational canister monitoring system. Operation of 
the system should require a minimum of operator intervention once the sensing 
system is installed in a canister storage room and certain basic parameters 
are entered into the data acquisition unit. 
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APPENDIX 

RADAR SIGNAL PROPAGATION IN THE GROUND 

This brief review of the principles of radar signal, or electromagnetic 
wave, propagation in the ground is intended to provide a foundation for the 
discussion presented in the main body of this report . Specifically, this 
review focuses on identifying the factors that determine the propagation 
velocity, attenuation rate, and reflection coefficient for a radar signal in 
a dissipative (slightly conductive) dielectric medium. The soil layers of 
the earth are a good example of such a medium. 

BASIC EQUATIONS 

The propagation of a plane electromagnetic wave in the earth may be 
described by the expressions 

where the direction of propagation is taken to be along the z axis ; E and H 
are, respectively, the electric and magnetic field vectors of the electromag
netic wave ; and w= 2n times the frequency of the radar wave. The terms a and 
B are functions of the electrical properties of the ground ; specifically, the 
electrical permitivity E, the electrical conductivity a, and the magnetic 
permeability ~ · These parameters , in turn , are complex functions of frequency, 
temperature , and the composition and texture of the soil . 

ELECT~ICAL PERMITIVITY 
~ 

When an electric field E is applied to dielectric material , positive 
charges within the material tend to move slightly in the direction of the 
field, while the corresponding negative ~harges tend to move in the opposite 
direction. The resulting polarization, P, (electric di~ole moment Rer unit 
volume) is proportional to the applied field ; that is , p = (E - 1) r. where 
is the electrical permitivity of the material. It is standard practice to 
refer to the permitivity in terms of its value relative to the permitivity of 
free space. Representing the latter quantity as Eo (= 8. 854 x lo-12 farad/m) , 
we define the term Er = £/E0 , which is referred to as the relative dielectric 
constant of the material. 

Virtually all soils contain some free water in the spaces between the 
grains of solid material as well as loosely bound water on the surfaces of 
the grains. In terms of its effect on the permitivity or dielectric constant 
of the soil , this water is the dominant component. There are two reasons for 
this . First, there is an energy loss in the material caused by viscosity or 
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internal friction which causes the polarization and relaxation of the dipolar 
water molecules to lag behind the applied electric field at high frequencies. 
To account for this phase lag and the corresponding energy dissipation in the 
form of heat, it is customary to write Er as a complex number of the form 
Er = Er- i£~ . Figure A. 1 illustrates the dependence of £ron frequency and 
temperature for one type of soil. 
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FIGURE A. 1. The measured complex dielectric constant of a clay 
soil with a moisture content of 10% by weight . 1 

The second reason for the dominating effect of water on soil permitivity 
is that the real part of the dielectric constant of water is approximately 
80, whereas the corresponding values for the solid components of most rocks 
and soils lie in the range 4-10 . Consequently, the real part of the dielectric 
constant for a soil can usually be estimated closely by the empirical equat1on 

£; = 3.03 + 9.3 Mv + 146.0 M~ - 76.7 M~ 

which depends only on the fractional volumetric water content Mv . Figure A. 2 
is a plot of this equation . 

ELECTRICAL CONDUCTIVITY 

The value of this parameter for soils is also dominated by the amount of 
water contained in the material . This is due to the fact that the electrical 
conductivity of the dry solid components of a soil is several orders of 
magnitude lower than that of the free and adsorbed water components. The 
conductivity of the water is dependent on the number of ions that are free to 
migrate through the fluid under the influence of an applied electric field. 
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However, there is no adequate theory available to explain in detail the 
processes of electrical conduction in a soil. 
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FIGURE A. 2. Empirical relationship between E~ and the vol umetric 
moisture content of mineral soils . 

MAGNETIC PERMEABILITY 

The relative magnetic permeability, ~r · is defined as the ratio of the 
~agnetic field in a material to the value that the magnetic f1eld would have 
in free space ; i . e . , ~r = ~/~0 • where ~ 0 is the permeability of free space (4n 
x lo-7 henry/m) . The magnitude of ~r depends on the amount of ferrimagnetic 

minera ls present in the material . In salt, the amount is neglig i ble ; t hus ~r 
= 1. 

SIGNAL VELOCITY AND ATTENUATION 

The term ei(wt- Sz) represents a sinusoidal wave traveling in the z 
direction . If we assume that ~r = 1, the propagation velocity of the wave is 

v =} = c~ ( 
where c is the speed of light in free space. The term Oeff is an effective 
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electrical conductivity that accounts for both ionic conductivity and dielectric 
relaxation effects. 

For a broad range of ground materials , including salt, the GPR signal 
velocity can be approximated by v = c/~ 

The term e-az represents the amplitude attenuation experienced by the 
electromagnetic wave as it travels to the depth z. The attenuation constant 
a is given by 

If the radar frequencies and the properties of the medium are such that (oeff/ 
w£0 Er)2 << 1, this equation reduces to 

a ~ 188 creff~ neper s/m. 

The attenuation rate in terms of decibels per unit distance traveled is A = 
8.69a dB/m. The dependence of the attenuation rate on moisture content and 
signal frequency is illustrated by Figures A. 3 and A. 4. 
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REF LECTICN AT INTERFACES 

The ratio of the electric and magnetic components of a transverse electro
magnetic wave as it travels through a lossy dielectric material is given by 

where 
~ = tan-l [%) 

This ratio, which has units of impedance, is defined as the complex intrinsic 
impedance, Z, of the medium. The intrinsic impedance of free space is 

Z0 = ~· 377 ohms 
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a strictly real value. For other media, Z has both real and imaginary 
components . The following table gives representative impedance values for 
four materials likely to be significant in the WIPP application . 

TABLE A. 1. Calculated Impedance Values 

Magnitude Phase Real Part Imaginary Part 
Material (ohms) (radians) (ohms) (ohms) 

Air 377 0 377 0 
Salt 150 0 150 0 
Bentonite 157 • 17 155 27 
Salt \~ater 16 • 76 12 11 

A plane electromagnetic wave incident on an interface between two media 
of differing impedance will be partially reflected. For perpendicular inci
dence, the complex reflection coefficients (ratio of reflected and incident 
amplitudes) for the electric and magnetic wave components are 

These reflective coefficients are complex numbers. Thus , a signal reflected 
from an interface between two materials of diff~r i ng impedance will undergo 
both a reduction in amplitude (the signal will be partially transmitted across 
the interface) and a shift in phase. 
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