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Abstract

Previous studies have proven the rate that pollutants move through the soil is directly

related to the rate that water moves through the soil. The rate that water moves through the

soil increases under saturated conditions due to increased macropore flow. When an

impermeable layer exists in a soil, the downward movement of water is restricted. If a

saturated layer of soil exists above an unsaturated layer, a perched water table forms. A

perched water table creates saturated conditions and increased macropore flow above the

impermeable layer in the soil profile. Therefore,  a perched water table may provide a rapid

pathway for pollutants to nearby water resources.

Ground Penetrating Radar (GPR) is proposed as a tool that will noninvasively sense

underground perched water. The research objectives of this study are to identify a perched

water table in a shallow sandy loam soil lying atop sandstone bedrock, and to validate

statistically the developed technique with the use of blind tests. Previous exploratory studies

at the Environmental Research Tract (Plateau Experiment Station) are built on, refined, and

developed to map morphological features that influence subsurface perched water. Perched

water produces an area of signal scatter that occurs near the perched water surface within

GPR data. Extensive lab processing of the data attempts to apply filtering methods to the

data. The filtering processes aspire to divide the data into low and high frequencies, thus

better distinguishing the actual perched water table surface and the orientation of this surface

(e.g., slope). Blind tests are used to validate the filtering techniques developed in the lab and

to ensure a non-biased interpretation. At present, results have not provided a repeatable

method that can enhance the perched water surface so that it can be accurately measured.
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Chapter 1

Introduction and Objectives

1. Signiflcance

With increasing urban and industrial expansion into rural areas in the 1990's, the

assurance of the quality of Tennessee’s rural water supplies remains questionable. Effects of

urban runoff and irresponsible environmental practices are easily seen through developments

of contaminated waters. Society’s contact with these contaminated waters results in the

spread of waterborne diseases. Also, pollution is  a noticeable determent to most natural

ecological systems. Many contaminants responsible for pollution seep unknowingly through

the vadose zone into local water supplies. Therefore, the need for better soil water monitoring

devices is essential to determine the pathways that contaminants travel.

Perched water, often conducive to contaminant travel, is a pathway to be considered.

A perched water table forms when a low penneabihty layer hes below a layer with higher

permeability. The low permeability layer can be a naturally forming fragipan with contrasting

soU textures, or aquic moisture regimes. The low permeabihty layer can be due to the

presence of plinthite mottles or continuous-phase plinthite bodies. In areas with shallow soils

that resemble those found on the Cumberland Plateau, bedrock is a feature that can perch

water.

In contrast to a perched water table, the true water table is the upper surface of the

groundwater at that level in the ground where the water is at atmospheric pressure (Soil Sci.
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Soc. Am, 1978). When a perched water table occurs, the soil conditions below the restricting

layer are unsaturated. Where as, all soil below the surface of a true water table is completely

saturated.

Surface-apphed chemicals and fertilizers are foreseen by society as one source of

pollutants. Therefore, examination of farming practices is an area of interest when studying

contamination pathways. More site-specific technologies are being introduced to farmers, for

exanple, the use of Global Positioning Systems (GPS) allows farmers to perform much more

precise practices during crop production. The application of surface-apphed chemicals and

fertilizers can be monitored in the field and the areas that require more or less attention can

be addressed appropriately. Important information needed to enhance and ensure the

precision of these practices hes beneath the soil surface. In particular, areas with potential

to perch water during continuous infiltration events are of great interest and concern. The

spatial variability in soils, needs to be identified and examined within a particular location for

perched water problems.

When there is increased use of irrigation systems or increased surface application of

domestic and animal waste effluent, offsite surface and subsurface flow of contaminants

caused by perched becomes a major concern. A perched water table generally forms under

continuous infiltration events, whether it is a lengthy rainfall or irrigation. When a perched

water table forms, the soil above the impeding layer becomes saturated. Under saturated

conditions, macropore flow increases considerably. Macropores are large pores or channels

in soil that formed firom worm channels, decomposed roots, or increased preferential flow of

water through soil pores.
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Perched water tables have the potential to increase macropore flow within a soil. In

addition, water perched at or near the surface will increase surface runoff. Surface runoff

caused by perched water occurs when there is very little gradient to induce subsurface lateral

water movement. Surface runoff can cause erosion and can also transport pollutants found

on the soil surface to nearby lakes or streams, thus contaminating these water supplies.

2. Ground Penetrating Radar Overview

Ground Penetrating Radar (GPR), a relatively new technology, has been developed

to aid in the gathering of subsurface soil information. A main area of GPR application is in

soils. The information that GPR can gather is not only accurate, but is also noninvasive.

Therefore, GPR requires much less labor intensive practices than many conventional methods

that would be used during studies of this nature.

While radar waves can be used in different areas of scientific and military application.

GPR is specifically designed for use when dealing with earthen materials. Ground penetrating

radar emits a broad band of radar waves in frequencies that best penetrate earthen materials.

The capability of GPR to penetrate a particular material is based on the material’s electrical

properties, primarily its relative dielectric constant (o) and electrical conductivity (p). Radar

waves penetrate a medium until they reach a layer that has contrasting electrical properties

than of the previous layer. As the differing layers of the material are encountered by the radar

waves, the waves are partially absorbed by the material, partially refracted away from the

antenna, reflected back to the antenna, and they continue to penetrate. Therefore, many

different factors must be considered before deciding to obtain GPR data.
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Depth of penetration is one factor to be considered. Penetration depth of GPR is

limited by the number and the strength of changes in electrical properties within a medium.

Penetration depth is also limited to the p of the material. Electrical conductivity in an earthen

material is stimulated by (1) porosity and degree of water saturation, (2) amount and type of

salts in solution, (3) the amount and type of clay, and (4) scattering (Doolittle and Collins,

1995). Penetration depth is also determined by the frequency of the antenna used.

The antennas used with GPR produce radar waves that range in frequency from 10

to 1000 MHz. The lower the frequency of the antenna, the greater the depth of penetration.

While the lower frequency antennas’ penetration depths are greater, they often retain less

detailed information since the larger wavelength (A) cannot resolve the small changes in

electrical properties between layers.

When information lies relatively near the surface of the material, a higher frequency

antenna is usually preferred. The high frequency antennas smaller A can resolve minimal

changes in the electrical properties between layers. Using higher frequency antennas allows

detailed information to be gained, which can be an advantage. Though the data are more

detailed, the higher frequency antennas are limited in penetration depth. The lack of

penetration depth is caused by the smaller A becoming attenuated due to its encountering

numerous changes in o within a medium (The Finnish Geotechnical Society, 1992).

A primary electrical property of the soil that affects GPR’s capability is the soil’s a.

The sharper the change in a between soil boundaries, the greater the amount of radar waves

reflected back to the antenna. The o of dry soil ranges between 2.5 and 6. The highest value

of o, 81, is the value of water. Therefore, soil water content is a significant factor in
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determining a soil’s o. Other factors that affect  a particular soil o are related to the soil

chemical and physical properties. These properties include: (1) bedding, (2) cementation, (3)

voids, (4) faults, (5) intrusions, and (6) man-made metallic structures (Johnson et al., 1979).

3. Objectives

The research objectives of this study were to identify a perched water table in a

shallow sandy loam soil lying atop sandstone bedrock, and to validate statistically the

developed technique with the use of blind tests. Previous exploratory studies that used GPR

technology to map soil morphological features that influenced perched water beneath the

agricultural landscapes of the Cumberland Plateau (e.g., bedrock and soil horizons) were built

on, refined, developed, and tested.
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Chapter 2

Literature Review

1. Perched Water Tables

In order to predict the fate of agricultural chemicals in soils, there was a need for a

better understanding of the physical, chemical, and biological processes that governed water

and chemical movement under a wide range of conditions (Jaynes, 1991). Jaynes (1991)

found that the rate at which pollutants moved through the soil was directly related to the

amount and rate at which water moved through the soil. The flow rate of water through the

soil increased under saturated conditions due to increased macropore flow.

A major concern was that agricultural chemicals or domestic pollutants may quickly

find their way to a nearby source of clean water. One way these agricultural chemicals and/or

other domestic pollutants enter water supplies is via turbulent macropore flow induced by

perched water. Aubertin (1971), using a fluorescent dye, showed that macropores could

conduct water at rates as fast as 10 m in 30 min under saturated conditions. Aubertin (1971)

found these saturated conditions could occur prematurely when a perched water table formed.

Rahe et al. (1978) used antibiotic-resistant strains of Escherichia coli to study the movement

of bacteria in perched water tables on the hillsides in western Oregon. They found the

movement of these strains to be at least 15 m in  1 h in the upper horizons of the soil.

Hammermeister et al. (1982b) proved perched water tables potentially provided a

means that pollutants from agricultural and domestic sources could have entered surface

6



waters and consequently degraded the quality of these waters. These pollutants moved very

rapidly through perched waters, allowing very little time to solve a known problem. Weyman

(1973) concluded from a review of field studies and from his own work that for subsurface

flow to occur, there must be an underlying zone of lower hydrauhc conductivity. The low

hydraulic conductivity layer would restrict the downward movement of water through the soil

causing it tenporarily to perch. If enough lateral gradient existed down slope, subsurface flow

could occur.

The existence of a low-permeability clay layer in  a high-permeability sand formation

could lead to the formation of a discontinuous saturated lens, with unsaturated conditions

existing both above and below the clay layer (Freeze and Cherry, 1979). Freeze and Cherry

(1979) determined the infiltration rate of the upper layer was greater than that of the lower.

less permeable layer. When an infiltration event occurred, the infiltrating water would reach

the less permeable layer at rates too high for a particular soil layer to manage, thus perching

the water temporarily.

In recent years, results from a wide range of field and laboratory studies indicated that

solutes commonly did not move by simple piston flow. Instead, solutes traveled much faster

through the soil via preferential flow paths (Jaynes et al., 1988). Preferential flow (i.e..

macropore flow) in soil affected transport behavior of water and solutes in the field so that

not only the prediction, but even the quantitative measurement of the water and solute

distribution became difficult. Jury et al. (1986a,b) found accelerated movement of some

moderately to strongly absorbing pesticides occurred through the involvement of extensive

macropore flow.
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2. Restricting Layers

The impermeable layer that restricts the downward movement of water could be

caused by the presence of a fragipan or an argillic horizon containing high percentages of clay.

Soils containing continuous phases of phnthite or numerous plinthite mottles also had the

potential to perch water under excess soil moisture (Carlan et al., 1985). In addition to these,

soils that have a shallow depth to bedrock could likely perch water. Not only was perched

water information valuable in the prediction of contaminant transport, but also from an

agricultural production stand point. Since perched water tables had the potential to exist for

months, information about perched water tables was very valuable to farmers. Farmers were

concerned about the depth to the water table in the spring that governed soil behavior in

relation to early crop development (Bouma et al., 1980).

Fragipan

Parlange et al. (1989) defined a fragipan as a loamy clay horizon with very low

organic matter and a greater bulk density than the overlaying layers. A fragipan, when dry.

appeared to be cemented and could be almost totally impenetrable to roots, air, and water

(HiUel, 1982). Franzmeier et al. (1989) reported an approximate 100-fold decrease in the

saturated hydrauhc conductivity of a fragipan relative to overlaying horizons in a soil in

southeastern Indiana. During periods of infiltration events, the possibility existed of a perched

water table or an episaturated layer forming in a soil that contained a fragipan. Episaturation

was defined by Vepraskas (1992) and Soil Survey Staff (1992) as the condition in which a soil

was periodically saturated in one or more layers that overlaid unsaturated horizons within 2
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m of the soil surface.

Daniels and Fritton (1994) commented that nearly one-third of Pennsylvania’s soils

contained fragipans. They also stated that with the lack of advancement to provide urban-

fringe housing public sewer systems, the problems arising from subsurface mounding of

sewage effluent caused by fragipans would continue to grow. Mounding of sewage effluent

was due to infiltration rates exceeding the capacity of the fragipan and the existence of

extremely small lateral gradients beyond the zone of saturation. They found when very small

lateral gradients were present, the restriction of water movement caused by a fragic horizon

would cause the fluid to actually surface due to mounding of the fluid. In Pennsylvania and

in other areas where fragic horizons occur, the mounding of sewage effluent problems began

with the inconsistency of the common percolation test. The percolation test was often

required by law in many states before a sewage disposal permit could be issued. The test was

commonly used to design and size sewage disposal systems. They concluded that a problem

with the percolation test was that it deteimined the soil’s vertical hydraulic conductivity at a

single depth and might or might not take into account the vertical hydraulic conductivity of

the fragipan layer.

Under some conditions, like those found on the landscapes of northern Idaho,

episaturated conditions could occur for extended periods of time. McDaniel and Falen (1994)

indicated that episaturated conditions could develop as early as December and persist into

May. They also confirmed that during this time the quantities of water contained in the

perched zones of saturation could have represented as much as 58% of the seasonal

precipitation received.
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PUnthite

Blume et al. (1987) stated plinthite was an Fe-rich, humus-poor material that hardened

irreversibly upon repeated wetting and drying. Perched water tables formed in some soils due

to the presence of continuous-phase pUnthite bodies or the presence of numerous pUnthite

mottles (Carlan et al., 1985). Plinthite restricted the downward movement of water and

therefore had the capabihty to form a perched water table. Many coastal plain soils are

characterized by rapid surface infiltration and reduced permeability in subsurface horizons due

to plinthite (Asmussen and Ritchie, 1969; Fiskell and Perkins, 1970; Asmussen, 1975).

In the coastal plain regions, center pivot irrigation systems are a common farming

practice. A major concern of farmers in this region is the efficiency of these irrigation systems.

Blume et al. (1987) explained that due to the relatively high surface infiltration rates and the

increased levels of plinthite, the efficiency of irrigation was greatly reduced. Recurring

perched water tables allowed for rapid lateral movement of water along the top of these

plinthic horizons. Besides the concern of irrigation efficiency, Blume et al. (1987) found these

perched water tables allowed rapid lateral movement of surface applied chemicals and

fertilizers by means of shallow subsurface flow or by surface runoff.

Bedrock

Bedrock, generally a low-conductive material, is another vadose zone constituent that

has the capability to perch water. Soils that resemble those found on the Cumberland Plateau

with shallow depths to bedrock face this predicament. During periods of heavy rainfall.

temporarily saturated zones (i.e., perched water tables) often develop over less permeable
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regions of subsoil or rock (Hammermeister et al., 1982a).

During an experiment on the hillsides in western Oregon, Hammermeister et al.

(1982a) found that problems related to perched water were direct effects of near-surface

impermeable bedrock. They foimd that at a particular site, there was a statistically significant

difference in vertical hydraulic conductivity between the A, B, and upper portions of the C

horizons. Though there was a difference in hydraulic conductivity, they determined bedrock

was responsible for the perched water. For the same regions, the soil water pressure

potentials (t{r) in the B and upper portions of the C horizon would temporarily rise. But,

Hammermeister et al. (1982a) concluded that conditions for creating and maintaining a

perched water table were much more favorable in regions of inqiermeable bedrock. From their

studies on hiUslopes, the contribution of subsurface flow from upslope regions increased the

possibilities of a perched water table forming and increased its duration.

3. Effects on Water Supplies

Perched water tables potentially provide a means by which pollutants from agricultural

and domestic sources could enter clean water supplies and consequently degraded the quality

of these waters (Hammermeister et al., 1982b). The main water supplies that are in jeopardy

from pollution via perched water are the nearby streams and ponds. Many farms have ponds

or lakes used to water livestock. Other times naturally occurring streams are used as the water

supply. There are residents in rural areas that extract water from streams for everyday

household use.

Perched water may increase the movement of certain negatively charged fertihzers
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when they are not absorbed by plant hfe. Nitrate (NO3 -N), which is commonly applied to

crops in fertilizers, does not become absorbed by soil particles due to its negative charge, and

therefore can move freely in soil through soil solution (Tisdale et al., 1993). NOj'-N became

a pollutant when accumulations of 10-ppm were found in drinking water (Michna and

Bourodimos, 1973) and if found in higher concentrations could cause Metahemaglobinemia

(Blue Baby Syndrome) in infants.

Lowery et aL (1982) found that the predominant cause of overland flow from sloping

land was ephemeral perched water tables. They stated that the cause of the perched water was

due to restricting B and C horizons in the soil, thus inducing surface runoff. With more strict

regulations and laws on the applications of chemicals and fertilizers and better handling

instructions with these farming aides, there was much less over application to the land than

in years past. These best management practices have reduced much of the degradation of

water supplies due to surface runoff, but the fact remained that there was still some pollution

caused by agricultural and domestic sources. Perched water was thought to be an area of

concern relating to these sources of pollution.

4. Soil Water Detection Methods

Prior to this study, there have been other methods used in order to detect water in soil

(West and Black, 1970; Bouma et al., 1980; Cresma et al., 1985; Parlange et al., 1989).

Some of these methods were a more conventional type, while other studies used more

electrically dependent detection methods. Each method seemed to have its own advantages

and disadvantages.
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The disadvantages to many conventional methods are (1) they take a considerable

amount of time and manpower when employed properly and (2) spatially limited due to the

lack of study area they covered. The conventional methods also fell short on accuracy level.

The accuracy level was affected by too many factors that occurred naturally and could not be

accounted for (i.e., macropore flow, perched water). Bouma et al. (1980) suggested that

shallow unlined boreholes should not be used to observe water tables because they formed

artificial storage basins for macropores that conducted water into the borehole more rapidly

than the water moves out of the borehole. They also suggested that deep unlined boreholes

were affected by heavy rainfall due to lack of storage capacity of macropores. A macropore’s

lack of storage capacity was many times affected directly by a soil layer with low hydraulic

conductivity that caused a perched water table. Macropore flow also affected piezometer

readings. Bouma et al. (1980) found that some piezometers did not contain water during

saturated conditions because naturally occurring macropores were not continuous through

the sidewalls of the tubes.

A more complex system used to determine water in soils was with the use of a

platinum oxygen cathode. The cathode’s measurements were affected by a large number of

factors interacting to produce a degree of variability between individual measurements. West

and Black (1970) stated that if changes in oxygen flux among the three phase (soil, air, and

water) system and the two phase (soil and water) system were sufficiently precise to enable

the differentiation of the two systems, the technique could have had application in locating

water tables in soils. In their study. West and Black (1970) discovered that in a well-drained

soil the probability of detecting the water table was high. Yet vmder poorly drained soils there
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a higher probability of finding an isolated saturated zone occurring above an actual water

table. McIntyre (1967) pronounced that the oxygen flux measured with the platinum cathode

in a dry soil was an underestimation of the true flux. This suggested some question as to the

accuracy of the cathode readings under saturated conditions, which generally occur when

was

dealing with a perched water table.

Crestna et al. (1985), doing research for their study of the detection of water in soil

with a computed tomographic (CT) scanner, discovered that gamma-ray absorption and

neutron probe methods could be used for dynamical studies of water in soil, but they do not

take into account soil inhomogeneities and do not evaluate three-dimensional (3-D) profiles

of water content and motion. However, their study concluded the CT scanner did actually

take into account soil inhomogeneities and they were also able to generate 3-D information.

Petrovic et al. (1982), collecting data with a CT, were unable to obtain consistent results in

measuring soil water content. While Crestna et al. (1985) had some luck determining

quantitative water content, they foimd problems obtaining a function of position when a large

number of absorption measurements had been taken. Aside from the problem of obtaining

a function of position, Crestna et al. (1985) were able to determine real-time studies of water

motion in soil up to 1.6 mm/s. This technique could possibly provide a considerable

contribution in determining macropore flow rates within a perched water table.

Two methods commonly used by soil scientists and geologists to determine soil

characteristics are electromagnetic conductivity meters (EM) and Ground Penetrating Radar

(GPR). Each of these tools provided accurate data, have a major advantage of gathering this

data nonintrusively, and are much less spatially limited in the field than other detection
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methods. The fact that data obtained with these two methods were gathered nonintrusively

is an advantage. The soil the data are collected from is in its natural state and has not been

altered by intmsive probing. Both devices have been used to help gather a wide variety of soil

data.

The EM used electromagnetic energy to measure apparent conductivity of earthen

materials (Doolittle et al., 1994). The EM had been successfully used to identify

characteristics in sodium-affected soils. For example, an EM was used to delineate between

saline and nonsaline soils found in loess-derived soils in West Tennessee (Ammons et al..

1989). These two soils were difficult to separate during field mapping, but with the aid of an

EM the separation in the two soils was much more easily identified. Also, the EM was used

effectively in south-central Illinois to map the depth to the natric horizons (Nettleton et al..

1994). The EM had also proven to be useful for determining the depth to claypan in Mexico

soils that were under similar management practices (Doolittle et al., 1994).

The one major disadvantage when using an EM was that for optimum output a

medium that was relatively constant throughout a given area was required. Soil properties of

one variable dominating over the properties of other variables provided for the greatest

success when using an EM (Cook et al., 1989). When data were taken in this manner, with

the basis on the dominant soil variable, assumptions were made on all other variables.

5. Ground Penetrating Radar Applications

One relatively new technology developed over the years to assist procedures in

collecting soil information was Ground Penetrating Radar (GPR). To the present date, GPR
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has been successfully used in mapping many subsurface features. The ability to map these

features provides a better understanding of the interactions that take place in the vadose zone.

Some of the features mapped can possibly contribute to the formation of a perched water

table.

The ability to distinguish soil horizon characteristics was a major accomplishment of

GPR. GPR allowed scientists to determine the spatial variability of soils (Collins and

Doolittle, 1987). Many times, soil horizon formation, development, and other soil constituents

could directly affect water movement within a soil. The ability to gather horizon data without

any excavation or soil disturbance allowed for soil water testing in its natural state. The

capability of GPR to provide this information nonintrusively saved considerable amounts of

time and effort (Schellentrager et al., 1988).

Information concerning depth to bedrock was another source of information easily and

accurately attained with GPR. Hamlett (1995) compared GPR with the use of manual rock

probes to determine depth to bedrock. He discovered GPR to be much more consistent in

locating bedrock. Hamlett (1995) found that many times large rocks suspended above

bedrock would cause inaccuracies in the probe data. He also concluded, that on the

Cumberland Plateau, deposits of mudstone would stop the penetration of the rock probe

therefore, misrepresenting the actual depth to sandstone bedrock.

On the Cumberland Plateau, bedrock lays relatively near the surface (~ 1 m).

Depending on soil conditions and the antenna used, locating bedrock at depths greater than

1 m is possible. Under most conditions, GPR could commonly obtain data at depths ranging

between 3 and 10 m If ideal conditions existed, information that lays at depths of at least 20
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could be gathered (Johnson et al., 1979). Birkhead et al. (1996) determined that the

accuracy of GPR in determining depth to bedrock in their study gave r^ values equal to 0.85.

The ability to map information dealing with both soil horizons and bedrock could be very

m

beneficial when locating perched water.

The potential for GPR to be used as a tool for shallow subsurface hydrologic

investigations was dependent on the performance of GPR for locating a water table and

underlying restricting layers (Smith et al., 1992). Tmman et al. (1988) found the ability of

GPR to locate depth to the water table correlated highly with their physical measurements.

They determined the correlation was high due to the difference in o between the water table

and soil interface. Truman et al. (1988) stated that water caused abmpt interfaces in soil due

to its high o. Birkhead et al. (1996) also obtained high levels of accuracy in determining depth

to the phreatic surface. Their studies generated r^ values equal to 0.97 when GPR values were

compared with depth to a phreatic surface in angered boreholes. The accuracies they attained

were also attributed to the relatively high a of the soil water. The top of the phreatic surface

was accented much more because of the decline in soil water content above the phreatic

surface for the coarse-textured material.

The use of GPR allowed for observation of the extent and behavior of the water table

on a more spatially continuous basis than was possible with conventional methods (Tmman

et al., 1988). When the determination of a definite water table, natural or perched, with GPR

becomes more developed, information on wetting fi'ont movement could be magnified. Snaith

et al. (1992) discovered extensive monitoring well networks installed to determine mass

storage and flow within soils could be costly and very labor intensive. They also stated that
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these large well networks interfere with normal agricultural field sampling. The development

of GPR to identify saturated zones of soil nonintrasively could prove beneficial when

determining storage and wetting front movement. Once this technique was developed, the use

of GPR could potentially be used to identify paths for preferential flow by monitoring soil

water movement in the vadose zone. Once preferential flow path information was obtained,

the ability to determine the fate and transport of pollutants could be assessed. Also,

determination of animal waste lagoon seepage could become easier with GPR, than was found

by Brune et al. (1988), when there was a better understanding of the hydraulic interaction

in soil.

Conventional sanpling techniques, unlike GPR, were intrusive methods of obtaining

soil data. In relatively soft sediments, the spade and auger were the main conventional

sampling tools. Each of these tools was slow, tedious, and provided incomplete data due to

limited sites of observation and generally covered small survey areas. An important

advantage GPR had over these conventional sampling techniques was providing a continuous

record of underground features (Hubbard et al., 1990). Ground penetrating radar could

provide this information without any excavation or disturbance of soil. Also, GPR provided

for a much more efficient means of collecting soil data. Schellentrager et al. (1988) used

GPR to update soil surveys in Florida. Ground penetrating radar proved to increase the

number of transects studied, decrease the manpower required to perform the study, decrease

the total number of hours spent in the field, and also decrease the total cost of the project

when compared with the conventional soil survey method.
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Chapter 3

Materials and Methods

1. Site Location and Description

Data obtained during this study were taken from two plots. These plots are located

at the Environmental Research Track of the Plateau Experiment Station in Cumberland

County, TN (Figure 3.1). The Environmental Research Track is adjacent to the Clyde M.

York 4-H Canp. The soils in each plot are sandy-loam soils of the Lily series (Fine-Loamy,

siliceous, mesic Typic Hapludult). The first plot contained a naturally occurring water table

that was observed both physically via monitoring wells and with the use of GPR. The data

from the plot was compared, contrasted, and used to develop the method to detect perched

water. A second plot was installed to perform an unbiased blind test to ensiu-e the validity of

the procedure.

Plotl

Plot 1 lies approximately 5 m from a nearby creek at the edge of a narrow stretch of

woods and contains a naturally occurring water table generated by lateral subsurface flow

from upslope regions of the plot (Figure 3.2). The water table can be visually observed in an

excavated soil pit at the lower end of the plot. The plot is 9-m long and approximately 5-m

wide. No alterations were made to the plot except the addition of a water monitoring system.

the excavated soil pit, and removal of any vegetation and ground cover that would cause
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Plot 2

Plot 1

Figure 3.1 Positioning of Plot 1 and Plot 2 within the
Environmental Research Tract at the Plateau Experiment Station.
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Figure 3.2 Approximate orientation of the water table, bedrock, and monitoring wells at
Plot 1.
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rough or uneven terrain.

Plot 2

Plot 2 was 7-m long and approximately 2-m wide. Plot 2 was along the edge of the

same small stretch of woods as Plot 1 and was located approximately 50 m away from Plot

1. The water table was also generated by the same small creek as Plot 1.

2. Water Monitoring and Water Application

Plotl

Plot 1, being long and narrow, had a single row grid pattern with 1-m spacing between

grid points. Monitoring wells were installed at each of the grid points. Each well was installed

with the use of a hand auger. The well holes were cored to a depth that allowed the well pipes

to rest atop the sandstone bedrock. The wells consisted of 1.9-cm dia. polyvinyl chloride

(PVC) pipe. Each pipe had 0.2-cm diameter holes drilled along its length 10 cm apart to allow

free flow of water into and out of the wells. The wells were also left open at each end to

enable an accurate measurement of the water level in the plot.

The water level in each well was measured with an electric measuring ruler that

consisted of an open circuit at its tip attached to a buzzer at the opposite end. When the

device was lowered into the wells and contact with water was made, the circuit was

completed, causing the buzzer to sound. When the buzzer sounded, the ruler attached to the

sensor was read to find the depth of the water in each well. The water table at Plot 1 was

naturally occurring from a nearby wet-weather stream, and therefore no additional water was
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added to the plot.

Plot 2

Plot 2 was installed for the sole purpose of performing a statistical comparison. Plot

2 was installed similar to Plot 1 (Figure 3.3). All ground cover and vegetation were removed

to provide a smooth surface to obtain the GPR data. Monitoring wells were installed to rest

atop sandstone bedrock. The wells were evenly spaced on a 1-m grid pattern.

3. Instrumentation Review

GPR Setup

A Subsurface Interface Radar System 10-A (SIR-lOA) mainframe was used while

collecting GPR data throughout this study (Figure 3.4). The SIR-lOA was manufactured by

GSSI, Inc. located in North Salem, NH. The programs that the mainframe operated were

DOS based, and the components that made up the mainframe were very similar to a modem

personal conputer. These corrponents consisted of  a Cyrix motherboard, a math coprocessor.

a digital signal processor, and the system’s firmware.

During calibration, system inputs were obtained from a standard keyboard. During

data collection, when a grid point was passed, a mark was placed at that point in the data

either by a hand marker attached to the anteima or by one of the function keys on the

keyboard. Though GPR provides a continuous profile of subsurface features and conditions.

discrete observation points are needed to locate the radar image and to evaluate soil

characteristics within a site (Brune et al., 1988).
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Figure 3.3 Orientation and labeling of monitoring wells spaced 1 m apart at Plot 2.
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The type of radar output could be chosen from two different methods: by viewing the

data on a VGA monitor and/or by storing the data to an internal tape drive. Radar output

could be visually displayed on a VGA monitor that allowed for visualization of data in the

field without actually storing the data to memory. When calibrating the system in the field.

viewing the data on the screen was generally the method of choice. Once the system was

calibrated, data output could be stored to an internal 2.3-GB Exabyte 8-mm tape drive while

also being viewed on the VGA monitor. The advantage of storing the data to the tape drive

was the ability to evaluate the data at a later date.

A large assortment of antennas existed for GPR data collection. The anterma sizes

ranged from 10 to 1000 MHz. To obtain the high resolution data required for this study, a

900-MHz antenna (Model 310ID) was chosen. The antenna was attached to the system

mainframe via a 15-m antenna control cable. During field operation, the antenna was secured

to a PVC towing device.

Because there were no nearby sources of power, this study used a portable and

reusable supply of electricity by wiring two 12-V deep-cycle batteries together in parallel. In

turn, the power from these two batteries was converted from DC current to AC current by

a DC/AC power inverter. The AC current from the inverter supplied both the VGA monitor

and the system mainframe. When the two batteries were fully charged, six to eight hours of

field data could be collected. Because the two plots in this study were relatively small and

easily accessible, the radzir system and the power supply were both run from the rear of a

covered truck to reduce the effects of environmental hazards (e.g., rain, cold temperatures).
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4. Data Collection Summary

Plotl

Plot 1 consisted of a natural water table generated by a nearby creek. No additional

water was added to the plot from outside sources other than rainfall. Measurements were

taken in each of the nine wells using the previously described technique. Water level readings

were taken two different ways. First, the amount of water above bedrock was measured in

each well Second, the depth to water below the soil surface was taken. Taking measurements

both ways ensured correct determination of where the water level was actually located in the

soil profile. These physical measurements were to be used in correlation with the GPR data.

Plot 2

Physical measurements taken at Plot 2 were taken by a neutral party. The neutral party

withheld the measurements until all GPR data had been gathered and processed. Again, no

additional water was added to the plot. The water table was generated from a nearby wet-

weather stream. The data taken at Plot 2 were used exclusively for statistically comparing the

procedure developed at the previous plot.

SIR-lOA Settings

The SIR-lOA provided several optional settings used under different field situations

and with different antennas. The GPR interpreter used information obtained during previous

GPR work on the Cumberland Plateau along with the SIR System-lOA user’s manual (GSSI,

1993) and some predetermined settings for the particular antenna (e.g., frequency, pulse
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width) to determine the proper settings to be used to collect perched water information with

a 900-MHz antenna.

The SIR-lOA had the ability to utilize high and low pass filters in order to remove

particular frequencies from the GPR data. The removal of unwanted frequencies would better

identify a certain type of radar reflection. A high pass filter would remove low frequency data

and allow high frequency data to pass through the filter, while a low pass filter would remove

high frequency data allowing low frequency data to pass through the filter. The three types

of vertical high and low pass filters that the SIR-lOA made available were Infinite Impulse

Response (HR), Finite Impulse Response (FIR), and Triangle filters.

The three filter types each used vertical high and low pass filters in different ways. The

main difference between the HR and the FIR filters was that the HR had a nonlinear phase

response while the FIR had a linear phase response. The Triangle filter worked by sliding a

triangle shaped weighting fiinction over the data to remove high or low frequencies. Of these

three filter types, the only one that the SIR System-lOA user’s manual cautioned the reader

about was the Vertical DR High Pass Filter. It stated that when obtaining GPR data this filter

must be set to remove the low frequency noise before the gains were applied to the data. The

removal of this low frequency noise controlled tilt within the data.

The GPR interpreter decided to utilize HR filter settings similar to those recommended

by the SIR System-lOA user’s manual and not to apply any other filters to the data while in

the field. Further and more extensive filtering procedures were applied to the GPR data once

back in the lab. The GPR interpreter could utilize the same filters that the SIR-lOA provided

by implementing a GPR interpretation program, Radan for Windows 1.4 (GSSI, 1997).
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The SIR-lOA constituents that made up the settings for the HR filter were the number

of poles needed and the frequency needed for the high and/or low pass filter. The number of

poles for the HR filter ranged fi-om 1 to 4 for both the high and low pass filter. The higher the

number of poles, the greater the suppression of unwanted frequencies. The recommended

number of poles was 2. Setting the number of poles equal to 1 was not recommended because

the filter may become tilt sensitive thus, over saturating the signal. Setting the number of

poles to 3 or 4 meant that confutation was approximately doubled that of the value equal to

1 or 2.

The recommended frequency setting value for the Low Pass Filter was 1.5 times that

of the dominant cycles/scan of the data. The value for this setting can range from 1 to 255,

the lower the number the stronger the filter. The cycles/scan value was calculated by dividing

the range of the GPR signal by the antenna signal pulse width. The range used in this study

30 ns/scan. The pulse width of the 900-MHz antenna was 1.1 ns/cycle. Therefore, the

IIR Low Pass Filter Setting for the data taken was calculated to be 41. Knowing that the

conductivity (p) of a loamy soil increased from 1.1 *10"^ mho/m dry to 2.1*10'^ mho/m wet

(GSSI, 1992), it was theorized that the perched water table was increasing the soil

conductivity at the water table surface. The increased p at the water table surface caused high

fi'equency scattering of the radar signal. Therefore, to allow more of the high frequency signal

to pass through the filter, a higher value of 54 was given to the HR Low Pass Filter. The

value of 54 was chosen based on previous encouraging experimental water table work done

was

on the Cumberland Plateau (Hamlett, 1995).

The recommended fi’equency setting value for the High Pass Filter was equal to 0.25
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times that of the dominant cycles/scan of the data. For the research done on the Cumberland

Plateau during this study, the value for the High Pass Filter was calculated to be 7. The SIR

System-lOA user’s manual stated that this value should be initially used for the HR High Pass

Filter and should be increased or decreased until no tilt remained in the data. A value too high

could cause useful data to be filtered out. A value of 4 was found to be sufficient to remove

low frequency noise that caused tilt within the data.

Data Collection

Once water level measurements were taken at each well location, the SIR-lOA system

was calibrated using the previously described settings. Some settings, such as the gain.

changed due to the present soil characteristics that may have been affected by the current soil

water content. The radar antenna used during this study had a 900-MHz center frequency.

A high frequency antenna restricted the depth of penetration, but the small X ensured the

depiction of very slight changes in the soil o. Using the high frequency antenna produced the

significant level of resolution needed for this study.

The well locations at each plot were evenly spaced on a 1-m grid pattern. The grid

pattern was used as a guide to acquire the GPR data. Each row of wells was used as a

transect by which the radar antenna was pulled. The pattern was sufficiently dense to ensure

that complete data sets of each plot were taken. At each well location, a mark was inserted

into the data from the keyboard. The mark allowed distinct identification of location inside

the plot within the GPR data. The keyboard was used instead of the common procedure of

using a hand marker. During the study, using the hand marker caused interference with the
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radar waves that were emitted from the top of the antenna, that produced unwanted static in

the data.

5. Blind Test

Throughout the study, all physical measurements taken were made available to the

GPR interpreter. The information was needed to develop the cahbration technique for

determining perched water and bedrock within GPR data. Because the GPR interpreter had

never observed perched water within GPR data, the water characteristics and radar reflection

were calibrated using the physical measurements taken in the field. These physical

measurements verified possible filtering methods used to sense perched water.

Though knowing the physical measurements during interpretation of the data supplied

an effective calibration technique, there was the possibility for the interpretation to be biased.

In order for the results of the study to maintain unbiased conclusions, a blind test was

performed. Plot 2 was installed to serve this purpose. Radar and physical depth measurement

data were gathered without the interpreter being present. Information such as location of plot.

presence or absence of water, and direction of pull were withheld from the GPR interpreter.

Once the Two-way Travel Time (TT) to the perched water table reflection for each well

location in the data had been determined and submitted to the neutral party, three physical

depth measurements were requested (shallow, moderate, deep). These measurements were

used to calculate the overall relative dielectric constant (aj. The 0^ was in turn used to

calculate water level depth measurements for all the marked well locations in the radar

unages.
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6. Image Interpretation Procedure

A GPR annotation program, Radan for Windows 1.4 (GSSI, 1997), was used to

process the GPR data in order to identify the perched water level within the profile. The

water level was brought out of the data with the use of a Finite Impulse Response (FIR)

boxcar filter. The FER fiilter used a maximum value of 1023 scans horizontal low pass boxcar

filter to remove any high frequency noise that was in the data. The FIR filter also applied a

value between 66 and 99-MHz vertical low pass boxcar filter to remove any high frequency

noise. Some filtered data consisted of numerous discontinuous reflections. When this

occurred, a FIR filter with a value of 1023 scans horizontal low pass boxcar filter was used

for a second time to remove the discontinuous reflections.

Knowing the relationship between depth and soil a, and the equations used to

determine the o„, the following procedure was used to calculate the depth to the perched

water based on the TT and three ground truth measurements. Two points will define an

exponential line, but after observation of previous data that used all data points to define the

exponential change in a^, three points better defined the same line.

Hamlett (1995) found an exponential decrease in with depth when performing

research on the Cumberland Plateau. Hamlett (1995) used the iron pipe method to calibrate

and determine the for the soil profile. Three iron pipes were buried in the soil profile at

three different depths. Using the known depth to the pipe and the TT, the could be

calculated for the three depths. Therefore, the value of the used depended on the depth at

which desired information was located.

Smith et al. (1992), using a 120-MHz antenna to locate a water table with GPR, found
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one monitoring well measurement was adequate for calibration to predict the actual water

table surface. But, Smith et al. (1992) also noted that using three monitoring wells produced

a calibration that was more accurate than the one well calibration and that using six wells did

not improve the results achieved by using three wells. Smith et al. (1992) compared these

findings to the iron pipe method. Smith et al. (1992) buried iron pipes at two and three

different depths in an unsaturated soil profile. They found that the iron pipe method

consistently underestimated the actual depth to the water table due to differences in soil water

content between the two calibration techniques.

Procedure

Prior to gathering GPR data, physical measurements were taken for depth to water

table and depth to bedrock at each well location. These measurements were taken by someone

other than the GPR interpreter to prevent a biased interpretation. Once the GPR data had

been obtained, the data had all excess information removed from the beginning and from the

end of the data set, and were then horizontally normalized. The previously determined

filtering procedure was then applied to the data to bring out the perched water table. Also,

the same data interpretation technique described before was applied to the data.

By changing the of the filtered GPR data to equal zero, the depth scale of the data

could be read in nano seconds (ns). Therefore, all depths to perched water in the filtered GPR

data were recorded as the TT to the water level and back to the antenna. The three ground

truths were chosen by the GPR interpreter based on the GPR data. A shallow, a medium, and

a deep depth to the perched water table allowed for the best calibration for the within the
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soil profile. After processing the data, the GPR interpreter was provided physical

measurements from three of the well locations from which he/she chose. The depth to the

perched water was known in both length (m) and in its TT (ns) for the three ground truth

locations. Knowing the physical measurements of these locations, the interpreter used these

measurements to determine the for the three ground tmth locations by using the following

equation:

{nsimf
(eq.3.1.)o_=

43.56

where:

a„ = relative dielectric constant n = 1,
2, and 3

ns = TT in nano seconds

m= depth in meters

Once the o„ was calculated at each ground truth location (a,, , Oj), the physical

depth to perched water was plotted against the on an XY graph. An exponential trend line

was fit to the three points to determine the exponential equation for change in with a

change in depth (Figure 3.5). The graph produced  a best-fit line with an equation that was

used to calculate a for a given depth. Using the exponential equation produced by the

depth vs. Op graph and after determining the limits of the 900-MHz to be approximately 0.75

m (Figure 3.6), values were used to calculate the TT of the perched water table. These values

ranged from 0.0 m to 0.75 m on a 0.03 m increment scale.
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(b*m) (eq. 3.2.)a =ae
0

where:

0(, = overall relative dielectric constant
a = constant

b = constant

m = depth (m)

The following equation could be generated by setting o„ equal to and solving for

ns:

*43.56) eq. 3.3.*mns

where:

ns = TT in nano seconds

a = constant

b = constant

m = depth (m)

Once the TT for the range of depth increments was calculated, the TT was plotted against the

range of depths in TableCurve™ v2.03 (Jandel Scientific, 1994) on an XY graph and all

possible equations were fit to the line (Figure 3.7). It was determined that for several tests one

particular equation, which had similar components to the previously used equations.

continuously had high r^ values (r^ « 0.99). The equation was chosen to determine the depth

to perched water given the depth in nano seconds.
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Figure 3.5 Exponential change in relative dielectric constant with a change in depth.
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Depth (ns) vs Depth (m) Plot 2 Q1-8C
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Figure 3.6 Illustration of the maximum depth of penetration of the 900-MHz antenna.
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\R.{y)=c+d\[x (eq. 3.4.)

where:

y = depth (m)
c = constant

d = constant

X = depth (ns)

Using the enpirical equation derived by TableCurve™ v2.03 (Jandel Scientific, 1994)

and the depth to perched water taken from the filtered GPR image in ns, the actual depth to

perched water was calculated in meters. Once the depths were calculated for each well

location and given to the neutral party, the true physical measurements were then given to the

GPR interpreter. These two sets of data were statistically compared to each other using a

statistical program (Appendix A) executed in SAS® v6.12 (Proprietary Software, 1996)

(Saxton, 1997).
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Figure 3.7 Calculated TT (ns) vs predetermined range of depths (m).
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Chapter 4

Results and Discussion

1. Interpretation Results

When interpreting radar data, many cases allowed identification of soil characteristics

based on distinct radar reflections. At Plot 1, the determination of the water level within the

plot was not identified by a single strong reflection. Instead, the water level was identified in

the GPR profile as an area of reflections that became scattered. The shallow depth at which

the area occurred ruled out the signal scattering due to the antenna reaching its depth of

penetration limits. A common depth of penetration for a 900-MHz antenna appeared to be

1 m. Had the scattering of the radar signal begim at « 1 m or deeper, the signal scattering

possibly could have been due to most of the signal being absorbed or reflected by layers in the

soil profile. Instead, the signal became scattered at a depth that was within a reasonable depth

for the 9(X)-MHz antenna. The p of a sandy soil ranges in value from 1.4*10 mho/m dry to

6.9* 10 mho/m wet and a loamy soil ranges from 1.1 * 10 mho/m dry to 2.1 * 10 mho/m

wet. Thus, scattering was attributed to increased  p due to an increase in soil water content

at the perched water surface.

Blind Tests

The development and use of a blind test proved to be essential when ensuring that a

subjective technique was scientific and repeatable. During the initial blind test, a single
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calibration point was used to determine a single for the entire soil profile. Results provided

reasonable r^ (r^ ~ 0.84 - 0.88) values, but an unacceptable correlation between physical

measurements and GPR measurements (Figure 4.1 and 4.2). After further research, it was

determined that assuming a single was inaccurate because the g changed with depth.

Instead, three calibration points were used to calculate the average relative dielectric constant

(Oavg.) for the soil profile. The q^g gave a better representation of the actual o for a given

depth based on the TT to the particular soil feature reflection. Also, the use of the very top

of the radar reflection to determine the depth to perched water was inaccurate. Instead of

using the top of the reflection to obtain measurements, the top should have been used for the

radar reflection until the reflection started to become banded. Once the reflection became

banded, the bottom band at each mark should be used to determine the actual depth. Though

the blind test failed to confirm the procedure was accurate, it provided a valuable

consideration to be used for future blind tests and other research.

During the second blind test, instead of withholding all critical information from the

GPR interpreter to ensure an unbiased outcome, the direction of pull was known. The

direction of pull gave the interpreter a notion about the general slope of the perched water

surface. The direction of the pull was uphill and away from the water supply, thus, suggesting

an increase in depth from the soil surface to the perched water surface as the antenna was

pulled farther from the creek (Figure 4.3, 4.4, and 4.5). Tables 4.1 - 4.3 provided the

calculated depth to perched water, the statistical results for the second blind test, and the

constants derived by the best-fit equations. The procedure generated excellent statistical

results for the blind test, but the direction of pull was known by the interpreter.
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Therefore, this was not actually a blind test. But, in order to test the particular procedure

under different soil moisture contents and at a different plot, the same step-by-step process

was performed on previous data taken at Plot 1 and at Plot 2. The direction of pull was also

known for these interpretations. Tables 4.4 - 4.6 provided the calculated depth to perched

water, the statistical results, and the constants derived by the best-fit equations for previously

taken data.

When collecting data to be used for a third blind test, improper system settings were

used. The different settings proved to change the appearance of the GPR images after

filtering. These changes in appearance altered the interpretation of the data significantly.

A final blind test was performed on a set of previously interpreted data. The GPR

interpreter was unaware of this fact and the data had been randomized by reversing the

direction of some of the data files. Eight images were viewed, filtered, and interpreted in the

presence of two witnessing neutral parties. Of the eight images, only three were interpreted

correctly.

Detection of Restricting Layers

Bedrock produced a radar reflection in the GPR images at Plot 1 that was readily seen

by the interpreter. Because GPR requires a well-trained interpreter to depict soil

characteristics and because the data had to be presented to others, bedrock needed to be more

easily identified. To visualize the bedrock surface better, a FIR filter was also applied to the

data. The FIR filter used the minimum value (3 scans) horizontal high pass boxcar filter to

remove some of the flat-lying ringing system noise in order to make the bedrock more visible

44



(Figure 4.6).

Though the same radar settings were used and very similar soil conditions existed.

data taken at Plot 2 did not produce the same bedrock reflections as were seen in the Plot 1

data. The data taken at the plot could not be filtered in order to sufficiently bring out the

bedrock.
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Table 4.1 Calculated depth to perched water and the physical measurements to perched
water for Plot 2 taken 5/09/97, with GPR interpreter knowing the direction of pull.

Physical(m) Ql“8A(m) QTjB(m) Q1^8C(ni) Qj^8D(n^Well LD.

0.327

0.329

0.410

0.523

0.562

0.632

0.662

0.662

0.3310.3410.345

0.349

0.469

0.543

0.594

0.637

0.694

0.718

0.330

0.343

0.381

0.495

0.572

0.648

0.737

0.762

1

0.334

0.349

0.348

0.442

0.475

0.619

0.670

2*

3

0.5514*

0.579

0.579

5

*t 6
0.7210.7917

0.7380.7918

* Ground Truth Wells

t Same well as D in Table 4.2

Table 4.2 Calculated depth to perched water and the physical measurements to perched water
for Plot 2 taken 5/09/97, with GPR interpreter knowing the direction of pull.

WeM I.D. Physical OA-Dl(m) OA-D2(m) OA-D3(m) OA-D4(m)
0.368

0.469

0.540

0.332

0.335

0.351

0.364

0.571

0.586

0.378

0.378

0.436

0.579

0.343

0.356

0.483

0.648

A

B

0.571C

0.6030.621t  D

t Same well as 6 in Table 4.1

Table 4.3 Statistical results from blind test and constant values derived from best-fit lines
5/09/97, with GPR interpreter knowing the direction of pull.

dbr" Intercept SlopeTransect ca

40.52 -2.28 -4.93 1.25

26.56 -1.52 -3.98 0.97

26.30 -1.38 -3.84 0.91

25.20 -1.24 -3.72 0.87

26.56 -1.52 -3.98 0.97

26.56 -1.52 -3.98 0.97

26.56 -1.52 -3.98 0.97

26.56 -1.52 -3.98 0.97

1.160.95 -0.1Q1-8A
Q1-8B
Q1-8C
Q1-8D
QA-Dl
QA-D2
QA-D3
QA-D4

0.930.010.98

1.010.96 0.003

1.190.96 -0.08

1.470.97 -0.19

-0.01 0.990.81

1.20-0.140.88

0.05 0.890.84
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Table 4.4 Calculated depth to perched water, and the physical measurements to perched
water for Plot 1 taken 3/16/97 using transect N1-N9B for calibration, with GPR interpreter
knowing the direction of pull.

N1-N9B (m)Physical (m)WeU I.D.

0.670.631

0.670.602

0.670.603

0.840.664

0.850.695

0.920.796

0.890.917

0.870.848

0.890.819

Table 4.5 Calculated depth to perched water, and the physical measurements to perched
water for Plot 2 taken 4/18/97 using transect Q1-8C for calibration, with GPR interpreter
knowing the direction of pull.

01-8C (m)Physical (m)WeU I.D.

0.430.381

0.450.412

0.490.463

0.500.534

0.600.665

0.740.786

0.760.817

0.760.888

Table 4.6 Statistical results from blind test and constant values derived from best-fit lines

3/16/97 and 4/18/97 respectively, with GPR interpreter knowing the direction of pull.
dGPR Transect Intercept Slope b ca

50.37 -1.60 -4.07 0.860.90N1-N9B 0.69 0.001

49.13 -2.11 -4.68 1.09Q1-8C 0.97 -0.188 1.35
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Table 4.7 Blind test of Plot 2 data taken 5/09/97 randomized as to perched water table
presence and/or elevation trend (no water, level, increasing, or decreasing elevation), with
GPR interpreter neither knowing direction of pull nor that it was a previously interpreted data
set.

CorrectInterpreterActualGPR Transect
Yesdecreasingdecreasing

increasing
increasing
decreasing
increasing
increasing
decreasing
increasing

Q1-8A
Q1-8D
Q1-4A
Q1-8C
Q1-8B
Q1-4C
Q1-8B
Q1-8D

No* none

decreasing
decreasing
increasing
decreasing
increasing
decreasing

No*

Yes

Yes*

No*

No

No*

* Transects reversed
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Chapter 5

Recommendations

Many problems that occur with perched water are within the top 1 m of the soil, but

the need to obtain perched water information at a greater depth could present itself. Currently

the radar antennas range between 10 and 1000-MHz, but there is a relatively large jump from

500 to 900-MHz with nothing between. Therefore, an antenna with a frequency in the 600

to 700-MHz range would be needed. This range of antenna frequency would allow for greater

depth of penetration than the 900-MHz, but still give a high level of resolution.

The fact that the bedrock could be randomly depicted with the high frequency antenna

illustrates the spatial variability of the soils on the Cumberland Plateau. Also, to expand the

possible uses of GPR in other agricultural areas that experience perched water problems,

more data need to be collected in soils with restricting layers other than bedrock (e.g..

plinthite, fragipans).

The largest problem with using the higher frequency antennas is the size and weight

of the antennas. The antenna used in this study, 900 MHz, is 8xl8x33-cm long and weighs

approximately 2.3 kg. The small size and weight of the antenna tend to make the method

impractical for large scale field use. Due to the small weight of the antenna, rough terrain

causes the antenna to lose contact with the ground surface and distort the radar output. A

solution to the problem would be to add weight to the antenna somehow and possibly

stabilize the antenna so that it is more rigid during data gathering. One suggestion to possibly
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correct the problem would be to construct a sled to harness the antenna. Not only would the

sled add weight to the antenna, but if the sled were constructed in a way that provides support

to the sides of the antenna, the antenna would become more stable during travel. The sled

would protect the antenna from abrasions caused by extended use and rough terrain. The sled

would also provide a way to pull the antenna more easily with an all terrain vehicle or a small

tractor.

Blind Test

The calibration performed during this research used the physical measurements taken

in the field. Though the GPR interpreter could have tried to maintain unbiased intentions, the

fact still remained that the actual depth to perched water was known when observing the GPR

images. Therefore, the only possible way to accurately test the validity of the derived

technique was to predict perched water with the use of GPR blindly. The blind test provided

an excellent method to prove repeatability of previous calibration techniques in an unfamiliar

field situation.
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Chapter 6

Summary

The research objective of this project was to identify a perched water table atop

sandstone bedrock and identify the restricting layer. Once the method was developed, the

procedure was to be enhanced and inqjroved in order to identify perched water under natural

soil settings on a repeatable occurrence. To determine the technique was repeatable, a blind

test was performed.

Though many times water within a soil profile may produce a very strong and distinct

radar reflection. Plot 1 determined that when dealing with perched water the reflection does

not always occur. In order for a distinct radar reflection to occur, a sharp change in a must

be present. When a perched water table formed, it was usually proceeding an infiltration

event. This means that the overall soil water content would be higher than usual for the entire

soil profile. Therefore, the actual perched water surface will not have a o much different from

the above soil.

Instead of causing a distinct reflection, perched water was displayed in a GPR image

area of data where the signal became scattered. This same type of reflection was usuallyas an

seen when an antenna had reached the limits of its penetration depth. In the data obtained for

this project, the scattered signal began much higher in the GPR image than it would be for the

antenna’s maximum depth of penetration.

The area within the radar image that depicted the perched water could vaguely be seen

without any filtering of the data. But, to be able to measure the actual surface of the perched
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water accurately, an atten^jt was made to filter out information other than that of the perched

water table. With the use of Plot 2, blind tests were performed in order to validate the filtering

techniques used to identify the perched water surface. The validation of the techniques used

was essential because the interpretation of GPR images was very subjective. At present, no

blind test has been successful in proving the methods developed were scientific and

repeatable. However, each blind test attempt has provided insight to problems with the

techniques used. One test failed due to use of a single when the actually decreased

exponentially with depth. A second test failed because prior knowledge of the direction of pull

was known by the GPR interpreter. These test results produced excellent correlation between

the physical measurements and the GPR interpretation. However, the results could not be

repeated when the direction of pull was not known by the interpreter. Previously gathered and

processed data were presented unknowingly to the interpreter with the data randomized prior

to interpretation. Only three of eight images were explained correctly for presence or absence

of perched water and/or the slope. A third test failed due to improper hardware settings

during data collection.

The detection of restricting layers (e.g., bedrock) was easily attained within Plot 1.

Plot 2 did not provide the same results. The maximum depth of penetration for the 900-MHz

antenna was found to be less than 1 m when attempting to detect perched water. The higher

soil water content found when dealing with perched water attenuated the radar signal much

faster than under dry conditions. The results from this project performed on the Cumberland

Plateau found that to detect a restricting layer beneath a perched water table 1 m or deeper,

a lower frequency antenna should be used. A lower frequency antenna would provide greater
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depth of penetration, but would lose the ability to detect narrow changes in a.
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Appendices



Appendix A



Statistical program used to compare physical and GPR calculated perched water
depths.

options Is = 64 ps = 72;
dataQl-8B;
input gpr physical;
diff = gpr - physical;

cards;

proc print data = Q1-8B;
title “Difference between GPR Water Level and Physical Water Level”;

proc univariate data = Q1-8B;
var = diff;

run;

proc reg;

model physical = gpr;
run;

proc plot; plot physical * gpr
run;
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Appendix B



Raw Data FUe Names

File Name

CRSV6_17_96

CRSV3_16_97

CRSV4_18_97
CRSV5_9_97

Date

6/17/96

3/16/97

4/18/97

5/9/97

GPR Data Used in Figures

WordPerfectPresentationsFigure Raw Data Corel Draw
GPR-nG.WP6

GPR-nG.WP6

GPR-nG.WP6

GPR-nG.WP6

GPR-nG.WP6

GPR-nG.WP6

PL0T2GPR.WPG

PL0T2FIL.WPG

PL0T3GPR.WPG

PLOT3FIL.WPG

BANDENG.WPG

PL0T2BED.WPG

PL0T2GPR.CDR

PLOT2FIL.CDR

PLOT3GPR.CDR

PLOT3FIL.CDR

BANDING.CDR

PL0T2BED.CDR

N1-9A.DZT

N1-N9AFIL.DZT

Q1-8B.DZT
Q1-8BFIL.DZT
Q1-8BFIL.DZT
PLT2BEDA.DZT

4.1

4.2

4.3

4.4

4.5

4.6

Other Figures

WordPerfectPresentationsCorel DrawAutoCAD/ExcelFigure

ACADHG.WPD

ACADHG.WPD

ACADHG.WPD

SCAN-HG.WPD

CHPTR3.WPD

CHPTR3.WPD

CHPTR3.WPD

CRV-TOPO.WPG

PLOT2CAD.WPG

PL0T3CAD.WPG

SIRIOSCN.WPG

CRV-TOPO.CDR

PLOT2CAD.CDR

PLOT3CAD.CDR

SIR10SCN.CDR

CRV-TOPO.DWG

PLOT2CAD.DWG

PLOT3CAD.DWG

3.1

3.2

3.3

NA3.4

NANA5/9/97.XLS

5/9/97.XLS

5/9/97.XLS

3.5

NANA3.6

NANA3.7
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Appendix C



Plot 2 Perched Water Ground truth Conversions 5-09-97 Transect Q1-8B
Color Table = 1

Color Transform = 2

FIR LP Vertical = 66 MHz

FIR LP Horizontal = 1023 scans

Overall Dielectric Constant = 1.0

FIR LP Horizontal = 1023 scans (Second Time)
ns/ft = 2 * SORT Dielectric Constant

Ground Truth Information

Well I.D. Depth (in) Depth (ft) Depth (cm) Depth (m)
0.342934.2913.5 1.1252

0.4953

aM77

1.625

2.125

49.53

M.77

19.54

25.56

Q1-8B

DielectricDepth (ns) Depth (m)
a^29
6^49^

9.67

12

Well I.D.

18.26

13;48
2

4

0.6477 9.116 12.9

Table Curve Information

lny=a+bx^0.5)
Parameters Values Std Error T Value

-4.928832006 0.138781093 -35.51515495Eqn Iny=a4-bx^0.5) a

1.246663863 0.039866767 31.27075403Eqn# 33 b

r2 0.989966817

95% Conf Urn 95% Conf UrnDF Adj r2 0.989094366
-5.215323623 -4.642340389Fit Std Err 0.023457566
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Depth (m) vs Relative Dielectric Constant Test Hot 2 Q1-8A
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Perched Water

Q31-8B (a = 40.519 b = -2.282)
SQRT(a*exp'^(b*x) *43.56)* x

Depth (ns)Depth (m)
00

1.217947727

2.35392567

3.412071348

4.396336642

5.310495599

6.158151928

6.942746189

7.667562692

8.33573612

8.950257874

9.513982175

10.0296319

10.4998042

10.92697586

11.31350848

11.66165342

11.97355653

12.2512627

12.49672026

12.71178512

12.8982248

13.05772229

13.19187972

13.30222191

13.39019974

0.03

0.06

0.09

0.12

0.15

0.18

0.21

0.24

0.27

0.3

0.33

0.36

0.39

0.42

0.45

0.48

0.51

0.54

0.57

0.6

0.63

0.66

0.69

0.72

0.75
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Depth (ns) vs Depth (m) Plot 2 Transect QI-SA
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Q1-8AEquation lny=a«4ix''(0^

-4.928832006

1.246663883

Depth (ns)

Y = EXP(a + b*SQHT(X))
b

X

Q1-8B
Well Infonnation (ni| Inches Oenbrnetere

13.000 33.020

13600 34.290

38.100

49630

57.150

64.770

73.660

76200

0.330

0643

15.000

19600

23500

25600

29.000

30.000

0.381

0.495

0.572

0.648

0.737

0.762

Depth (ns) Calculated Depth (m) Ground Tnjth (m)WbULDL

9.61 0.3451

06430.3492 9.67

112 0.4693

0.49512 0.5434

0.5945 135

0.648139 0.6376

0.694

0.718

7 134

1368
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Plot 2 Perched Water Ground Truth Convarsions 5-09-97 Transect Q1-8B

Color Table = 1

Color Transform = 2

FIR LP Vertical = 66 MHz

FIR LP Horizontal = 1023 scans

Ovarall Dielectric Constant = 1.0

FIR LP Horizontal = 1023 scans (Second Time)
ns/ft = 2 * SORT Dielectric Constant

Ground Truth Information

Well l.D. Depth (in) Depth (ft) Depth (cm) Depth (m)
0.342934.291.1252 13.5

0.49531.625

2:125
49.53

64.77

19.54

25.56

Q1-8B

Dielectric !

16.31 ;
Ti:74 :

Depth (n^ Depth (m)
0:^29
6.49^

9.14

11.2

Well I.D.

2

4

10.270.64776 13.7

Table Curve Information

; lny=a+bx'X0.5)
Parameters Values Std Error T Value

-3.977703496 0.03733309 : -106.5463249Eqn lny=a+bx^0.5) a

0.966433391 0.0106351031 90.87202947Eqn # 33 b

0.998784317

DFAdir2 o:99^78W6
r2

95% Conf Urn 195% Conf Urn

-4.0547717561 -3.900635237Fit Std Err 0>Jan-00
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Depth (tr^ vs Relative Deiiectric Constant Test Plot 2 Q1-8B
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Perched Water

Q31-8B (a = 26.564 b = -1.5174)
SQRT(a*exp'^(b*x) *43.56)* x

Depth (ns)Depth (m)
00

0.997532259

1.950167741

2.859421976

3.726765021

4.553622737

5.341378036

6.091372091

6.804905514

7.483239503

8.127596956

8.739163558

9.319088834

9.868487179

10.38843885

10.87999096

11.34415839

11.78192472

12.19424315

12.58203734

12.94620226

13.28760502

13.60708568

13.90545801

14.18351025

14.44200587

0.03

0.06

0.09

0.12

0.15

0.18

0.21

0.24

0.27

0.3

0.33

0.36

0.39

0.42

0.45

0.48

0.51

0.54

0.57

0.6

0.63

0.66

0.69

0.72

0.75
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Depth (ns) vs Depth (n^ Plot 2 Transect Q1-8B
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01-88lny=8+bx''(0^Equation

-3577703S

0.96643339

Depth (ns)

Y = EXP(a + b*SQnT(X)) a

b

X

01-88
Centimeters

33.020

34.290

38.100

4a530

57.150

64.770

73660

76200

Well mtofmation (m) Inches

13.000

13500

15.000

13500

22.500

23500

29.000

30.000

Depth (ns) Calculated Depth (n8 Gn>uidTnjth(niiWetlLD
0.3309.02 0.3411

0.3430.3430.3482 9.14

0.3810.44210.73
0X950X9511.2 0.4754

0.5720.6191315
0.6480.6480.6706 137

0.7370.791157

0.7620.791158

CUV01
Well InfomBtion (m) Inches

13500

14.000

19.000

23500

Calculated Depth (nn) Ground Truth (n8Depth (ns)Welll.a

0.343 34.290

33560

46260

64.770

0.3789.67

0.3560.3789.67

0.4830.43610.6

0X48 0.6480.579136

QMX
Certimeters

34.290

33560

46260

64.770

Well Infoimation (m) Inches

13500

14.000

19.000

23500

CakailaiedDepth(iri Gn>undTnah(n8Depth (ns)WBlll.a

0.34392 0.3511

0.356

0.483

0.648

0.3649.432

0.5711353
0.6480.5861374

CUVD3
Centimeters

34.290

33560

46260

64.770

WeninfonnBtion(n4 Inches

13500

14.000

19.000

23500

Deplh(ns) CakuMedDepth(n8 GrauidTruth(n8Well i.a
0.3430.3689.491

0.3560.4692 11.1

0.4830.5403 131

0X480.6480.6271324

QMM
WBUInfoiTnBtion(m) Centimeters

34.290

33560

46260

64.770

Depth(ns) Calculated Depth (nt Ground Truth (iriWelILD

0.343 13500

14.000

19.000

23500

0.3328.85

0.3560.3358.91

0.4830.571135

0X48 0.648139 0.603
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Plot 2 Perched Water G Conversions ̂ 09-97 Transect Q1-8C
Color Table = 1

Color Transform = 2

FIR LP Vertical = 66 MHz _
FIR LP Horizontal = 1023 scans

Overall Dielectric Constant = 1.0
FIR LP Horizontal = 1023 scans (Second Time)
ns7ft = 2 * SORT Dielectric Constant

Ground Truth Information

Well l.D. Depth (in) Depth (ft) Depth (cm) Depth (m)
0.342934.291.12513.52

0.4953

aM77

49.53

64^^
1.625

2:;i25
19.54

25.56

Q1-8C

Well I.D. Depth (ns) Depth (m) Dielectric
0.^9
a49^

16.31

13.^
9.142

124

10.730.6477146

Table Curve Information
lny=a+bx'X0.5)

Parameters V^ues Std Error T Value

-3.838127211 0.037465108 -102.445381

0.909588801 ! 0.010473687 86.84513954

Eqn lny=a+bx'^0.5) a

b33Eqn #
0.998668702r2

95% Conf Lim 95% Conf UrnDF Adj r2 0.998552937
-3.915468 -3.76078642Fit Std Err O-Jan-00
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Depth (tr^ vs Relative Dielectric Constant Test Plot 2 Q1-8C
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Perched Water

Q31-8C (a = 26.301 b = -1.3753)
2*SQRT(a*exp^b*x) * x

Depth (ns)Depth (m)
00

0.994699828

1.948779761

2.863483873

3.740022373

4.579572462

5.38327918

6.152256231

6.88758678

7.590324239

8.261493029

8.902089328

9.513081792

10.09541227

10.64999648

11.17772472

11.67946247

12.15605107

12.60830836

13.03702924

13.44298631

13.82693042

14.18959126

14.53167789

14.85387929

15.15686489

0.03

0.06

0.09

0.12

0.15

0.18

0.21

0.24

0.27

0.3

0.33

0.36

0.39

0.42

0.45

0.48

0.51

0.54

0.57

0.6

0.63

0.66

0.69

0.72

0.75
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Depth (ns) vs Depth (n^ Hot 2Transect Q1-8C
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Q1-8Cltiy=a+bx''(0^Equation

-3.83S1272

0J095S88

Depth (ns)

Y = EXP(a + b*SQRr()Q) a

b

X

Q1-8C
Welllnfonnation(iT^ Inches

laooo

13500

15.000

19500

22.500

25500

29.000

30.000

0.330

0543

0.381

0.495

0.572

0548

0.737

0.762

Depth (ns) Calculated Depth (m) Ground Truth (m)Weiiua
3a020

34.290

3aioo

49530

57.150

64.770

7a660

76.200

0.3319.021
05430.3349.062

0.3499.383
0.4950.5511274

0.57913.15
0.6480.57913.16

0.72114.97

0.73815.18
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Plot 2 Perched Water Grou truth Conversions 5-09-97 transect Q1-8B
Color Table = 1

Color Transform = 2

FIR LP Vertical = 66 MHz

FIR LP Horizontal = 1023 scans

Overall Dielectric Constant = 1.0

FIR LP Horizontal = 1023 scans (Second Time)
ns/ft = 2 * SORT Dielectric Constant

Ground Truth Information

Well I.D. Depth (in) Depth (ft) Depth (cm) Depth (m)
0.342934.291.12513.52

0.4953

aW77

49.53

Mil

1.62519.54

2.12525.56

Q1-8B

Well I.D. Depth (ns) Depth (m) Dielectric
0^^
6^49^

15.89

14.62

9.022

12.54

10.880.647714.16

Table Curve Information
lny=a+bx^0.5)

Parameters Values T ValueStd Error

-3.715990981 0.041463579 -89.62060364

0.867509611 0.011484016 75.54061064

lny=a+bx't0-5)Eqn a

bEqn # 33

0.998241192

DFAdj r2 0.99^88252
r2

95% Conf Urn 95% Conf Lim

-3.801585982 -3.63039598Fit Std Err 0.009821386
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Depth (iTj vs Relative Dielectric Constant Test Plot 2 Q1-8D
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Perched Water

Q31-8B (a = 25.196 b = -1.2419)
SQRT(a*exp'^(b*x) *43.56)* x

Depth (ns)Depth (m)
00

0.975530238

1.915051582

2.819560907

3.690030556

4.527408904

5.332620918

6.106568693

6.85013198

7.56416871

8.249515494

8.906988118

9.537382029

10.14147281

10.72001663

11.27375072

11.80339379

12.30964648

12.79319176

13.25469536

13.6948062

14.1141567

14.51336329

14.89302665

15.25373221

15.5960504

0.03

0.06

0.09

0.12

0.15

0.18

0.21

0.24

0.27

0.3

0.33

0.36

0.39

0.42

0.45

0.48

0.51

0.54

0.57

0.6

0.63

0.66

0.69

0.72

0.75
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Depth (ns) vs Depth (n^ Plot 2 T ransect Q1-8D
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01-80lny=»>t>x''(0^Equation

-3.715990981

0J67509611

Depth (ns)

Y = EXP{a + b*SQFrr(X)) a

b

X

01-88
WBlllnfonnation(iii| Inches Centinielefs

13.000 33020

13500 34J!90

33100

49.530

57.150

64.770

73.660

76.200

0.330

0.343

13000

19.500

23500

23500

29.000

30.000

0.381

0.495

0.572

0.648

0.737

0.762

Depth (ns) Calculated Depth (m) Gnxnd Truth (m)Welll.D

0.3278.961

0.3430.3299.022

0.41010.63
0.4950.5231354

0.5621315
0.6480.6326 14.1

0.66214.57

0.66214.58
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