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Detection of Underground Voids in Ohio by Use of
Geophysical Methods

By Jens Munk and Rodney A. Sheets

ABSTRACT

Geophysical methods are generally classified as electrical, potential field, and seismic methods.

Each method type relies on contrasts of physical properties in the subsurface. Forward models based on
«the physical properties of air- and water-filled voids within common geologic materials indicate that sev-
eral geophysical methods are technically feasible for detection of subsurface voids in Ohio, but ease of
use and interpretation varies widely between the methods. Ground-penetrating radar is the most rapid and

cost-effective method for collection of subsurface data in areas associated with voids under roadways.
Electrical resistivity, gravity, or seismic reflection methods have applications for direct delineation of
voids, but data-collection and analytical procedures are more time consuming. Electrical resistivity, elec-
tromagnetic, or magnetic methods may be useful in locating areas where conductive material, such as rail
lines, are present in abandoned underground coal mines. Other electrical methods include spontaneous
potential and very low frequency (VLF); these latter two methods are considered unlikely candidates for
locating underground voids in Ohio.

Results of ground-penetrating radar surveys at three highway sites indicate that subsurface pene-
tration varies widely with geologic material type and amount of cultural interference. Two highway sites
were chosen over abandoned underground coal mines in eastern Ohio. A third site in western Ohio was
chosen in an area known to be underlain by naturally occurring voids in limestone. Ground-penetrating
radar surveys at Interstate 470 in Belmont County, Ohio, indicate subsurface penetration of less than
15 feet over a mined coal seam that was known to vary in depth from 0 to 40 feet. Although no direct
observations of voids were made, anomalous areas that may be related to collapse structures above voids
were indicated. Cultural interference dominated the radar records at Interstate 70, Guernsey County,
Ohio, where coal was mined under the site at a depth of about 50 feet. Interference from overhead pow-
erlines, the field vehicle, and guardrails complicated an interpretation of the radar records where the depth
of penetration was estimated to be less than 5 feet. Along State Route 33 in Logan County, Ohio, bedding
planes and structures possibly associated with dissolution of limestone were profiled with ground-pene-
trating radar. Depth of penetration was estimated to be greater than 50 feet.

INTRODUCTION

Underground voids from abandoned mines or natural dissolution of rock material can result in the collapse
and subsidence of overlying material. Effects of such collapse or subsidence can range from alteration of surface
and subsurface drainage to rupturing of gas lines and roadway collapse.

Abandoned underground coal-mine voids are an important source of water supply for some communities in
eastern Ohio (Crouch and others, 1980). 1n other areas, acid mine drainage from mine voids affects water quality
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and stream biota. Collapse or subsidence of mine voids may drastically affect ground-water or surface-water sup-
plies.

Hazards that might be associated with abandoned underground coal mines or natural voids under highways
are of particular interest to the Ohio Department of Transportation (ODOT) and the Federal Highway Administra-
tion (FHA) because collapse of the material over these voids can sometimes result in surficial expressions that are
devastating to roadways and vehicles. In March 1995, material over an abandoned coal mine in eastern Ohio col-
lapsed into a void, resulting in damage to several vehicles and closure of an interstate highway for a period of sev-
eral months.

Cost-effective techniques to locate underground voids would not only aid in averting hazardous conditions
but also might help water purveyors or regulators locate additional sources of water supply or sources ofacid mine
drainage. In summer 1996, the U.S. Geological Survey (USGS), in cooperation with ODOT, began a study to
address these concerns.

Purpose and Scope

The purpose of this report is to evaluate surface geophysical techniques that might prove useful in remotely
characterizing voids or void-related subsidence features under roadways in Ohio. Selected techniques are
described, and the results of model and field investigations are presented in the report.

Previous Investigations

Geophysical techniques have been widely used for investigations of underground voids and void-related fea-
tures. Techniques to characterize subsurface voids peaked in the 1960°s with U.S. Government efforts to locate tun-
nels in Vietnam. Efforts in recent years have focused on U.S. highway construction, water supply, mine planning,
and hazard reduction (Dobecki and Romig, 1985; Colorado School of Mines, 1984). A wide variety of techniques
can be employed to map these features and several techniques often are used in combination because of their com-
plementary nature (Hauser and Jessop, 1995; Hensel and Dalton, 1995; Pawlowski and others, 1995). Specific ref-
erences on the application of selected techniques to void detection can be found later in this report.

Acknowledgments

We acknowledge the assistance of Jim Graham, George Beiter, Steve Kramer, and Rick Ruegsegger of the
Ohio Department of Transportation for supplying the necessary highway information and field support needed to
safely complete this work. We also thank American Aggregates, Inc., for access to their quarry near the Logan
County site.

EVALUATION OF SELECTED GEOPHYSICAL METHODS FOR
DETECTION OF UNDERGROUND VOIDS

Physical properties of underground voids and void-related features, such as collapse structures, can contrast
dramatically with those of the surrounding rock. Geophysical measurements of the contrasts in physical properties
can help define locations of these features. The following sections describe several commonly used geophysical
methods and detail the use of individual geophysical methods to delineate voids or void-related features in areas of
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Ohio where underground voids are common. In many cases, the use of a single geophysical method may not ade-
quately delineate voids or void-related features, and a combination of methods may be more appropriate.

The effectiveness of geophysical methods relies on physical property contrasts in the subsurface, which
cause variations in the associated energy field. These methods can be classified into three broad categories, based
upon the physics behind the techniques: electrical (electromagnetic), potential (gravitational and magnetic), and
seismic (acoustic). Each type of field responds uniquely to a given physical property, which may be electrical con-
ductivity, relative dielectric permittivity, density, magnetic susceptibility, or seismic wave velocity. Selected phys-
ical properties for typical Ohio rock and soils are listed in table 1, along with properties of air and water.

Table 1. Summary of selected physical properties of typical Ohio rocks and minerals, air, and water

[Modified from Heiland, 1963; Dobrin, 1960; Guyod and Shane, 1969; L. G. Stolarczyk, oral commun., 1996; electric conductivity = 1/electric
resistivity (in ohm-meters); S/m, siemens per meter; g/cm3, grams per cubic centimeter: cgs, centimeter-gram-second; m/s, meter per second]

. Relative N A
Lo, dmeere ey Ml seemicume
(S/m) p:‘o unitst)y 9 (cgs x 10°) (m/sec)

Limestone 107 t0 0.02 8-12 1.93 0 2.90 3.8 4,000 to 6,400
Sandstone 10%t0 1 4.7-12 1.61 102.76 16 1,400 to 4,900
Shale 104 t00.5 7 1.70 t0 3.20 44 2.100 to 5,200
Coal 2x107 t0 0.05 7t043 1.20 to 1.50 <2 1.340
Clay 0.01to 1 Sto 12 1.30 to 2.46 20 1,000 to 2,800
Air 0 1.0 0.00 0 332
Water (fresh) 0.001 to 0.003 81 1.00 0 1,460

Making use of the physical properties given in table 1, a forward model can be used to estimate variations
in the measured field quantities due to voids in the subsurface. A forward model is used to generate synthetic data,
assuming that the appropriate physical properties are known. Although anomalous features are typically complex
structures, their properties can often be modeled using simple cylindrical and spherical bodies. Air and (or) water-
filled voids are considered most susceptible to collapse and are modeled herein as simple bodies. The magnitude
of the field variations is analyzed with respect to the sensitivity of the measuring device, effect of cultural distur-
bances, noise, and the presence of subsurface anomalies not of interest to the survey. These concerns are especially
important with regard to data collection on or near highways. A final consideration is the speed and ease by which
data can be obtained for a particular method. Results of forward models are included in the following sections if
forward-modeling computer programs are available for the respective techniques.

Electrical Methods

Electrical methods represent the most diversified group of techniques in surface geophysics (Dobrin, 1960;
Heiland, 1963; Keller and Frischknecht, 1966; Telford and others, 1990). Electrical methods vary greatly with
respect to their methodology and frequency of electrical field. Low-frequency techniques involve a slowly varying
electric field, whereas high-frequency electrical methods involve a rapidly varying field. In addition, the electrical
energy to be evaluated can be either naturally occurring or artificially generated. The effectiveness of a particular
electrical method depends on various factors, including the difference in the electrical properties between the
anomaly and the surrounding medium and the size and depth of the anomaly.

In electrical prospecting, the important electrical properties of earth materials are electrical conductivity or
resistivity and dielectric permittivity. These properties relate directly to the atoms and molecules that make up the
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material. Generally, all materials contain both free and bound electrical charge, where free charge refers to electrons
that move unrestricted from molecule to molecule and bound charge refers to electrons that are confined to their
molecules. .

Conductivity or its inverse, resistivity, is a measure of the amount of free charge (electrons) of a material.
These electrons move under the influence of an applied electric field, generating an electric current that in turn pro-
duces a secondary electromagnetic field. The magnitude and orientation of the secondary field is related to the con-
ductivity of the material.

The dielectric permittivity is a measure of the polarizability of a material, or the extent to which a material’s
molecular structure distorts when subjected to an electric field. When a material composed of molecules with bound
electrical charge is subjected to an electric field, a slight displacement occurs between the negative and positive
charges of the molecular structure. This displacement results in a secondary electromagnetic field, which can then
be measured (Kraus, 1992).

Electrical Resistivity

The electrical resistivity method typically employs a direct current (DC) or a very low frequency current
(<10 Hz), which is applied by placing a pair of electrodes in contact with the ground (Dobrin, 1960; Heiland, 1963;
Keller and Frischknecht, 1966; Telford and others, 1990). The voltage potential is then measured between a second
pair of electrodes. A number of possible patterns of electrodes can be used, depending on the depth of penetration
needed and the resolution desired. A mathematical combination of the measured current and potential and the
geometry of the electrode array yields the apparent resistivity of the subsurface. The true resistivity and the appar-
ent resistivity are the same only when the subsurface is perfectly homogeneous to a depth equal to the depth of
exploration.

Resistivity measurements are used to measure lateral or vertical changes in the resistivity of the subsurface.
To investigate the variation of resistivity with depth, electrode spacings are increased or decreased; the greater the
spacing, the greater the depth of penetration. A fixed electrode separation typically is maintained along a profile
line to determine lateral variations.

Electrical resistivity methods are commonly used to map electrically conductive ground-water (for example,
saltwater or waste plumes), lateral and vertical changes in lithology, and depth to bedrock. The utility of the method
is wholly dependent on the depth and size of the target and the differences between its electrical resistivity and the
resistivity of the rock surrounding the target.

Apparent resistivity can be easily calculated for a three-dimensional void by taking advantage of the analogy
between voltage potential and hydraulic-pressure differences; this analogy permits use of a ground-water flow
model developed by the USGS for analysis of resistivity data (McDonald and Harbaugh, 1988; Jansen and Taylor,
1995). For example, the apparent resistivity resulting from a S- by 2-m rectangular tunnel in a coal layer can be
calculated by assigning resistivities of 50, 150, and 100,000 ohm-m for the limestone, coal, and void, respectively,
in a conceptual forward model employing the dipole-dipole and Wenner arrays (Robinson and Coruh, 1988, p. 462,
figures 13—15; Zohdy and others, 1974, p. 10—13). Results of the forward modeling, shown in figure 1, indicate that
an anomaly of approximately 15 ohm-m would result if dipole-dipole resistivity data (an n-spacing of 2 m; see
fig. 1) were taken over a 5- by 2-m air-filled void at a depth of 5 m. As the n-spacing is increased, the resulting
anomaly broadens and decreases in magnitude. In general, the electrode spacing is determined from the depth and
size of the expected anomaly where relatively small electrode spacings are needed to define shallow targets. Ambi-
ent noise levels — resulting from natural variations of earth resistivity, cultural interference, and lateral inhomoge-
neities in the subsurface — may limit recognition of these anomalies, but the electrical responses are sufficient to
warrant further investigation. The forward modeling results of the Wenner-array data indicate that relatively small
anomalies would result from this array configuration over the void. Recognition of anomalies from the Wenner-
array data would be difficult, given the expected noise levels.

4  Detection of Underground Voids in Ohio by Use of Geophysical Methods
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Figure 1. Modeled apparent resistivity over a 5- by 2-meter air-filled void in a coal seam. (Dipole-dipole and Wenner resistivity
array results are shown. C4 , and P , indicate current and potential electrodes; p is resistivity, in ohm-meters.)

Electromagnetic Induction

The electromagnetic induction method (EM) is based on the variations measured in a secondary electromag-
netic field produced when a primary field is generated by inducing a current through coils. The EM method is typ-
ically used to obtain horizontal profiles and depths of conductive layers. The effectiveness of the method depends
on the target size and depth and differences between its electrical resistivity and that of the surrounding rock. Two
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EM techniques, time domain and frequency domain, are described below (Dobrin, 1960; Heiland, 1963; Keller and
Frischknecht, 1966; Telford and others, 1990).

The frequency-domain EM technique measures the magnitude and phase of an induced electromagnetic cur-
rent that is altered by the conductivity of the underlying soil and rock. With the frequency-domain technique, an
electromagnetic field is generated by passing an alternating current at a frequency ranging from 100 to 5,000 Hz
through a conductive wire loop. The current applied to the wire loop sets up a primary magnetic field that, when
placed on or near conductive materials, results in current flow within the conductive body. These secondary cur-
rents establish a secondary magnetic field that has the same frequency as the primary, but a different phase and
direction. The resulting secondary magnetic field is detected by measuring the induced voltage in a second loop of
wire, the receiver. The phase and directional differences between the primary and secondary magnetic fields are
used to infer the conductive properties of the underlying ground.

The time-domain EM technique measures the conductivity of soil and rock by inducing pulsating currents
into the ground by use of a transmitting coil and by monitoring their decay over time with a separate receiver coil.
The current pulse applied to the wire loop sets up a primary magnetic field that, when placed on or near conductive
materials, results in current flow within the conductive body. These secondary currents establish a secondary mag-
netic field that is detected by measuring the induced voltage in a second loop of wire, the receiver. The time and
amplitude differences between the primary and secondary magnetic fields are used to infer the conductive proper-
ties of the underlying ground.

The EM method has been widely used to explore for base-metal ores, which generate strong secondary fields
resulting from their high electrical conductivities. This also makes the method a good candidate for detecting tun-
nels containing rails, electrical wires, or other long conducting bodies, provided that the host material is itself not
highly conductive (Hill, 1988; Stolarczyk, 1988). The effective depth at which these bodies can be detected
depends on the electrical properties of the earth, the frequency of electromagnetic waves, and the spacing between
the transmitter and receiver loops (Keller and Frischknecht, 1966).

Owing to the low conductivities of voids and coal alike, the EM method would have limited applicability in
locating abandoned-mine voids containing no rails or other conducting bodies. Limestone also has a very low con-
ductivity, and similar results can be expected. Because this method is effective at locating conducting bodies, it is
particularly susceptible to interference from cultural artifacts such as powerlines, guardrails, and buried pipes. This
interference can overwhelm the data and obscure the small anomalies that may be of interest. In general, EM sur-
veys lack the resolution of resistivity surveys, but they can be done more rapidly and cheaply because they require
no intrusive contact with the ground.

Ground-Penetrating Radar

Ground-penetrating radar (GPR) represents one of the newest geophysical methods and, consequently, it is
not included in most geophysics references; however a large number of journal references pertaining specifically
to GPR are available. GPR employs high-frequency electromagnetic waves to produce a continuous profile of the
subsurface. In the method, a transmitting antenna is used to generate an electromagnetic pulse, and a receiving
antenna is used to measure the response. This response consists of electromagnetic reflections resulting from elec-
trical discontinuities or inhomogeneities in the subsurface, which are due to variations in the dielectric permittivity
and the electrical conductivity of the underlying material. These inhomogeneities affect the velocity and attenua-
tion of the transmitted electromagnetic pulse.

GPR surveys are done with the antennas in either a monostatic or bistatic mode. If the same antenna is used
to both transmit and receive, the configuration is called monostatic; the use of separate transmitting and receiving
antennas is called bistatic. Typical GPR systems accommodate various antennas ranging in frequency from
20 MHz to 2 GHz, where the choice of antenna depends on the resolution or depth of penetration needed for the
survey. Generally, the use of a high-frequency antenna improves resolution of subsurface features, but depth pen-
etration is limited. GPR surveys are done by moving the antenna over the region of interest and measuring the
response (voltage) at the receiving antenna. The pulses can be triggered using either a constant-time or distance-
based mode.
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The effectiveness of GPR is influenced by several factors, the most important being the signal attenuation of
the return electromagnetic wave. The attenuation results in part from the spherical spreading of the transmitted sig-
nal, but it is also affected by various electrical properties of the ground, most importantly the electrical conductiv-
ity. In order to compensate, the received signal is typically amplified with respect to time; however, the received
signal eventually becomes too weak to distinguish from the surrounding ambient noise. Although not essential, a
dielectric probe can be inserted into the ground to determine the dielectric permittivity and electrical conductivity
of the ground at a given depth.

Publications on various types of shallow subsurface investigations with GPR include the following: tunnel
detection (Gourry and others, 1995; Hauser and Jessop, 1995), ground-water mapping (Beres and Haeni, 1991; Rea
and Knight, 1995), detection of hydrocarbon spills (Maxwell and Schmok, 1995; Olhoeft, 1992), detection of unex-
ploded ordnance (Pawlowski and others, 1995), and archaeological surveys (Bauman and others, 1995). Although
the relative ease of data collection makes GPR particularly advantageous for many applications, care must be taken
when doing a survey. Specifically, careful attention must be given to the environment above the ground because
the receiving antenna cannot distinguish between above- and below-ground artifacts. Therefore, powerlines,
guardrails, or other large reflective objects need to be carefully noted in an interpretation of GPR data.

Radar in a borehole configuration has been studied by numerous authors with specific applications to tunnel
detection (Greenfield, 1988; Lytle and others, 1976; Moran and Greenfield, 1993). One method is to lower the
transmitter and receiver in the same borehole. Another method entails measuring a received electromagnetic pulse
as the depths of the transmitter and receiver are varied in separate boreholes; a tunnel or collapsed feature between
the two boreholes could presumably be detected by interpreting variations in amplitude phase of the received sig-
nal. This interpretation often entails employing tomography (Frank and Balanis, 1988; Shope and Greenfield,
1988) in an attempt to construct an image of the ground properties between the two boreholes. The time and
expense associated with borehole radar precluded it from consideration in this study.

To help understand how an anomalous feature such as a void may appear in GPR data, the authors used a
forward model (Powers, 1995) to generate synthetic radar records. The model employs ray-tracing methods with
an antenna operating in a monostatic mode, and only the primary reflection ray path (no multiple reflections) is
considered. With ray-tracing methods, only surfaces oriented perpendicular to the direction of the incident electro-
magnetic pulse are detected. The model allows only two-dimensional variations in the underlying material proper-
ties; however, three-dimensional effects of the antenna are included.

A synthetic radar record for three 0.5-m-radius cylindrical voids in a homogeneous, nonconductive medium
is shown in figure 2. The distances from the surface to the center of the voids are 1, 5, and 10 m. The relative dielec-
tric permittivities for the void (€,=1) and the surrounding medium (€,=9) are indicative of air and limestone,
respectively (table 1). The cylindrical voids appear as hyperbolae, and the depth to the anomalies is directly related
to the time at which they appear on the record. The shape and magnitude of the reflections are affected by the depth
of the target, the hyperbolae becoming broader as the target depth increases.

A synthetic radar record for three voids of radii 0.5, 1.5, and 3 m with the top of the voids at 5 m below land
surface is shown in figure 3. The relative dielectric permittivity of the surrounding, nonconductive medium is rep-
resentative of limestone (€,=9). The three hyperbolae have virtually the same shape and magnitude, despite the dif-
ferences in the respective void radii; however, as the radius increases, a subtle reflection from the bottom of the
void becomes increasingly evident.

Figure 4 shows a simulated radar record of a 2-m-thick horizontal coal layer (€,=14), buried 5 m below land
surface, that contains an air-filled cylindrical void (€,=1) at a depth of 5 m. A nonconductive limestone (€.=9) is
above and below the coal layer. The boundary of the horizontal structure appears as two horizontal reflectors span-
ning the entire record. A hyperbolic reflection from the void is evident in the synthetic radar record, but its magni-
tude appears less than in previous examples because of interference from reflected waves from the horizontal
structure. The effect of differing conductivity of the surrounding media is shown in figure 5. The geometry is the
same as in figure 4; however, the horizontal structure and surrounding media of figure 5 have electrical conductiv-
ities of 10 and S mmbho, respectively. The most notable difference between the two records is the significantly
reduced reflection from the bottom of the horizontal structure, a result of the additional attenuation of the electro-
magnetic wave as it travels in the conductive media.
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Apparent resistivity measurements were modeled using a ground-water flow model, because of the similar-
ity in theories between water flow and electrical current flow. Synthetic data were generated using Wenner and
dipole-dipole configurations for resistivities typical of coal, limestone, and air. The dipole-dipole configuration
yielded a larger response to a given anomaly; however, for both configurations, detection of these anomalies
would be difficult given cultural effects and lateral inhomogeneities. Resistivity measurements are labor intensive
and slow because they require the insertion of conducting rods, which must be moved and reinserted for each new
data point. EM surveys lack the resolution of resistivity surveys but can be done more rapidly and with less
expense because EM surveys require no intrusive contact with the ground.

Synthetic GPR data were generated under various assumptions regarding the depth, size, and surrounding
media of various voids. The voids were easily detectable in all of the examples provided; however, influences
such as ground clutter and cultural interference were not considered. The effectiveness of GPR is almost entirely
dependent on the electrical properties of the underlying ground. For highly conductive materials, the method has
limited application; however, in limestone and other resistive material, penetration of more than 25 ft can be
expected. As a result of the high-frequency of operation, GPR allows excellent resolution of anomalous features,
providing a reasonable image of shallow subsurface features. In addition, the GPR method can be the most time
efficient of the geophysical methods considered.

Two other electrical methods, the SP and VLF methods, were discussed. Although SP measurements are
easy to make, the electrical properties of materials at the three highway sites would make the method ineffective
in locating voids. The method may have utility in locating clay filled voids, but the threat of a void collapse would
be greatly diminished in this case. The VLF method is effective at locating conducting bodies; however, it is par-
ticularly susceptible to cultural noise, such as from powerlines, guardrails, and buried pipes. At the three highway
sites considered, the noise would likely overwhelm anomalous contributions resulting from voids or collapsed
structures under roadways.

Gravity and magnetic anomalies were modeled by plotting the analytic solutions to spherical and cylindri-
cal voids in material having properties typical of coal and limestone. Although the calculated anomalies were
above the threshold of current state-of-the-art gravimeters and magnetometers, the small size of the anomalies
would require extreme care in obtaining field data. This is especially true of gravity measurements, where a single
data point would require S to 15 minutes of setup for the gravimeter. In addition, the scale of these anomalies
would require that the data be sampled at relatively short distance intervals, requiring many data points. Other
factors such as cultural interference and clutter were not considered and could easily adversely affect the data.

The effectiveness of seismic methods is dependent on having a source capable of producing the high fre-
quencies necessary to achieve sufficient resolution. Both seismic reflection and refraction require geophone
plants, which are slow and labor intensive. To achieve sufficient resolution, the spacing between geophones is
necessarily small, and hence time consuming. Finally, obtaining good data in a highway environment would be
especially difficult given the extraneous noise.

From the above considerations, GPR was evaluated as the most effective technique for the detection of
voids and collapsed structures in Ohio. GPR measurements were made at three highway sites in Ohio, where sub-
surface voids have already been discovered or where surface features indicated subsurface void collapse. These
sites include a section of I-470 in Belmont County, a section of I-70 in Guernsey County (both in the coal mining
area of eastern Ohio), and a newly constructed section of State Route 33 in Logan County, in the limestone terrane
of western Ohio. The Belmont and Guernsey County data illustrated the effects of cultural interference on radar
data where the estimated depth of penetration was less than 15 and § ft, respectively. At the Belmont and Guern-
sey County sites, the most prominent features in the record were attributed above-ground scatterers such as over-
head powerlines, guardrails, and the field vehicle. Excellent data were obtained at the Logan County site, where
the maximum depth of penetration into the limestone was estimated to be greater than 25 ft. The data show
numerous anomalous features, possibly related to karst features or fracturing in the limestone. Where the overbur-
den was removed, horizontal bedding in the underlying limestone was clearly evident in the radar record.

The technical feasibility of selected geophysical methods to detect voids and void related features (col-
lapsed structures) in Ohio have been demonstrated using numerical models, simple calculations, and field applica-
tions. Results of this report demonstrate the difficulties associated with locating anomalous features given the size
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of the anomalies combined with clutter and cultural interference. The geophysical methods evaluated are suscep-
tible to cultural noise; however, techniques such as electromagnetics are particularly susceptible to the types of
interference experienced on open roadways. Some of the techniques not tested in the field could prove more valu-
able in less noisy environments, such as new roadways under construction.

Although no single method will succeed in all instances, the likelihood of locating subsurface voids and
collapsed structures is increased by incorporating as much information as is reasonably available, from as many
techniques as possible. This multisensor philosophy has been suggested in the detection of abandoned mines,
shallow landfills, and unexploded ordnance.
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