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20. Continued

The effectiveness of these methods in detecting voids depends on soil properties, surface
material properties (e.g., type of pavement), ground surface geometry, and accessibility
with respect to the detecting equipment.

Field investigations using the above three methods are recommended to provide
quantitative evaluations of accuracy, reliability, and cost under various site conditions.
Based upon the results of these field investigations, development of advanced acoustic
holographic methods may be warranted.
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1. Void detection 2. Subsurface cavities i. 53-025
Voids occurring under paved areas and btneath the ground surface at Naval and other

Government installations lead to serious and costly problems. Available methods for detecting
such voids nondtutructively were !valuated so that timely repairs could be made and growth of
the voids prevented.

There is no one method capable of accurately locating and defining voids under all
I circumstances. However, either one or a combination of these three methods appear to be

the most promising: (a) earth resistivity, (b) seismic techniques, and (c) subsurface radar.
The effectiveness of these methods in detecting voids depends on soil properties, surface material
properties (e.g., type of pavement), ground surface geometry, and accessibility with respect to

the detecting equipment
I Field investigations using the above three methods are recommended to provide quantitative

evaluations of accuracy, reliability, and cost under various site conditions. Based upon the results
of these field investigations, development of advanced acoustic holographic methods may be

I warranted. -----------------------
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INTRODUCTION

Voids beneath and adjacent to pavements and other engineering
structures have resulted in serious problems at various Naval and other

military and civilian installations. A few examples of situations
wherein suspected voids have caused problems to military activities are:

Philadelph±a Naval Shipyard - voids behind quay walls
undermine a busy thoroughfare

Naval Air Station, Brunswick, Maine - voids around a
culvert under an aircraft parking apron i'ipair the
integrity of the structure

Naval Construction Battalion Center, Port Hueneme,

California - suspected voids beneath loading docks
prohibit their use

Mare Island Naval Shipyard, California - large voids
beneath paved surface near the drydocks and deterioration
of grout beneath portal crane rails present operational
hazards

Commissary Parking Lot, Long Beach Naval Shipyard,
California - voids created by decomposition of buried
garbage present a serious maintenance problem

Shemya Air. Force Station, Alaska - voids caused by sub-
surface erosion of fine material result in ground surface
subsidenc. [1]

NOLF San Nicolas Island - formation of tunnels under
main runway due to subsurface erosion presents a continuing
threat

Surface impressions created by collapsing of subsurface cavities at
Port of Hueneme are shown in Figures 1 and 2. Further damage to the
surface area created by burrowing animals is shown in the second figure.
Development of the subsurface voids leading to these surface impressions
is attributed to erosion of material beneath the structure, as suggested
by Figure 3. Voids on a much larger scale were suspected at NOLF San

Nicolas Island. Figure 4 illustrates one of several large depressions
along the edge of the runway. Figure 5 shows openings to a large system
of erosion tunnels which lead away from the airfield towards the ocean.

Voids occurring beneath ground surface and beneath pavement are
shown schematically in Figure 6. The pavement is generally constructed
of asphaltic concrete, portland cement concrete (reinforced or unrein-
forced), or some combination of the two.



Figure 1. Surface impression due to a cavity - Dock
3 at Port of Hueneme.

Figure 2. Evideuce of burrowing animal inhabiting

cavity - Dock 3 at Port of Hueneme.
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Figure 3. Undermining of walls beneath dock - Port
of Hueneme.

Figure 4. Surface cavity at runway edge - NOLF

San Nicolas Island.
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Figure 5. Tunnels due to erosion near the main
runway - NOLF San Nicolas Island.

The voids may contain air, water, or some weak deposit such as mud.
They may vary from less than an inch (2-3 cm) in size to many feet
(meters), may have any irregular cross section, and may be located near
the surface or at great depth. The voids may or may not create surface
impressions indicating their presence.

Because of the problems that voids create to Naval structures, the
Civil Engineering Laboratory (CEL) has undertaken this study to identify
and evaluate present techniques, procedures, and equipment for rapidly
and nondestructively determining the existence and location of voids
undeLground and under pavements. For purposes of the study, a void is
considered to be any anomaly in the soil profile that could impair the
function of a supported structure. Although the significance of void
size and location may vary, depending upon the nature of the surface
structure, this study is generally concerned with situations wherein the
ratio of void equivalent radius to depth below surface is in the range
of 1 to 0.1 (i.e., 1 > radius/depth > 0.1). Ba3ed on the findings from
this study, recommendations for void detection by the Navy are presented.
Further research and development work are suggested where it is deemed
necessary.

The following sources were consulted for literature pertaining to
void detection methods applicable to this study: The Engineering Index,
Defense Documentation Center, Smithsonian Science Information Exchangr
National Technical Information Service, and State of the Art Patent
Search. Personal contacts were made with manufacturers of void detec-
tion equipment. and with users who have applied such equipment to detec-
ting voids in actual field problems. The information obtained was
evaluated as to the applicability to solving the problem of void detec-
tion with particular attention to Naval Shore Establishment problems.

4
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TECHNIQUES FOR VOID DETECTION

Void detection approaches fall into three classes based on their

utilization with respect to the ground surface: (1) remote sensing, (2)
ground surface methods, and (3) direct location methods. Remote sensing
methods assess the effect of a void beneath the ground surface from some
distance above the surface, generally from an aircraft. Examples of
remote sensing methods include aerial infrared surveys, aerial photo-
graphs, and microwave surveys. Although these methods offer the advantage
of covering large areas rapidly, they are primarily limited to those
subsurface cavities that show impressions at the ground surface. These
methods are generally used in reconnaissance surveys and are sometimes
effective in detecting large cavities occurring beneath the ground sur-
face that cause detectable anomalies at the surface. To detect voids of
the sizes and locations of interest to this study, remote sensing methods
can be considered totally ineffective. These methods will, therefore,
not be discussed further in this report.

Ground surface nondestructive void detection methods include those
procedures performed at the ground surface that measure property which

is related to the presence of a void and, thus, do not require physical
access to the void. Examples of such methods include the use of the
following principles: sonic wave velocity, electrical resistivity,
electromagnetic propagation, gravity anomalies, and nuclear transmission
and reflection. These methods are not equally effective in detecting

voids. Properties of the overlying pavement and of the ground itself
greatly influence the effectiveness of particular methods described
above. None of these methods can absolutely detect all voids beneath
pavements and ground surfaces. As conditions change one method that has
been effective under particular circumstances may be ineffective in
another. In many cases, it is necessary to use direct location methods
to confirm or disprove areas suspected of containing voids.

Direct contact methods include borings, soundings, or excavations
into the void or cavity. The exclusive use of these methods require
many closely spaced probings or extensive excavations and are very
expensive. Direct methods can also be unreliable in that they overlook
voids occurring throughout any unexcavated or unbored areas. Thus, the
most economical use of direct methods is in support of the indirect
methods in confirming suspected voids. Since direct contact methods are
common procedures in foundation investigations, these methods will not
be discussed further in this report. This report concentrates on ground
surface void detection methods. The bulk of these (Table 1) are based
upon monitoring some form of energy propagation or force field. Although
the electromagnetic spectrum is primarily utilized in remote sensing
[21, the basic concepts are also applicable to detecting voids under
circumstances of interest herein. The interaction of energy waves with
the pavptnent and soil and with the targets to be sensed governs the
frequuncies and wavelengths used. The relationship between frequency
and wavelength in linear systems is described by:

6
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f = c/A

where f - frequency
c = wave speed
X - wavelength

In the case of the electromagnetic propagition, for example, if the
frequency is very high, the interaction of the waves with atoms and
nuclei is very large, causing scattering and absorption of the waves.
If the frequency is very low, attenuation of the waves will also be low,
but resolution* of the target will be poor since an object reflects
coherently only waves comparable to itself or smaller. The resolution
and effectiveness of other methods are similarly affected by frequency
and wavelength. Thus, the selection of the sensing rodiation is limited
to wavelengths larger than atoms and smaller than targets.

Although different forms of energy propagation may have a similar
overall basis, different medium properties affect their propagation.
For example, in the case of electromagnetic propagation, the dielectric
constant and the conductivity of the medium are important factors affect-
ing propagation. In sonic applications the elastic properties and the
density of the medium are the important factors.

Magnetic Intensity Determinations

The use of magnetic intensity measurements for detecting subsurface
voids is based upon the presence of anomalies in the magnetic field of
the earth. Anomalies represent local disturbances in the earth's
magnetic field due to local changes in magnetization (magnetization
contrast, see References 3 and 4). These anomalies can be either
positive or negative. In field applications, a proton precession type
magnetometer is used to monitor the component of the anomaly of the
earth's magnetic field. The effectiveness of this method for detecting
voids depends on the presence of magnetic material, such as magnetite,
surrounding the void and, therefore, shows up as an anomaly. Sedimentary
rocks or their metamorphic equivalents, salt or freshwater, or air do
not alter magnetic anomalies in any way, because their magnetic permeabil-
ities are the same (unity).

The factors that impair magnetic intensity measurements include:
(1) a large magnetic field gradient greater than 200 gammas/foot,
(600 pT/m) which sharply degrades the signals from the magnetometer;
(2) nearby AC electrical power, which can lower the signal-to-noise
ratio; (3) effects of changes in the magnetic field of the earth due to
diurnal variations, micropulsations, and magnetic storms; (4) man-made
structures containing magnetic material, such as buildings and railroads;
and (5) the distance between the magnetometer and the object being
detected.

* Resolution has dimension of length; "poor" resolution means that
only large units of length are detectable, whereas 'good" resolu-
tion means the capability to discern details within small units
of length.

8



Since the effectiveness of monitoring magnetic intensity to detect
subsurface voids depends on thc voids being surrounded by magnetic
material, the applicability fox detecting voids by this method is low.
Soils are generally nonmagnetic. if voids occur in magnetic rocks,
however, it is possible that these could be detected. Figure 7 illus-
rates some geological features that are the source of common magnetic
anomalies. With experience, it might be possible -o interpret similar
data for voids. Assuming the geological structures shown in the figure
are replaced by voids and the surrounding media by magnetic material,
the voids should show up as anomalies similar to those shown in Figure 7
but of opposite magnitudes.

Gravity Variations

The mapping of variations in subsurface density by means of gravity
measurements is done routinely in geophysical surveying. However, the
purpose of these surveys is nearly always to obtain a relatively large-
scale gravity Piap and not to detect small voids. An underground void,
of course, rep::esents a maximum change in density and, hence, in principle,
can be detected by observing che resultant change in the force of gravity
in the neighborhood of the void. Unfortunately, the eravity force is
extremely small compared to electromagnetic forces and requires highly
sensitive force-measuring devices with their attendant problems of
extracting signals from noise.

The instrument commonly used in geophysical gravity surveys is the
gravimetr. This is a device in which the gravitational force on a mass
is balanced by the tension in a spring. One particular gravimeter [5]
uses a horizontal beam supported by torsion and ligament springs and
constrained by these springs to move in a vertical plane about the
horizontal axis of the torsion spring. A variation in the vertical
acceleration, either because of gravity changes or motions of the support
platform, will deflect the beam; the magnitude of the deflection is mea-
sured by a light beam reflecting from a small mirror attached to the
mechanical beam. Gravimeters can measure changes in the acceleration of
gravity with a precision of 0.005 mgal [6]. This high precision,
however, usually requires a large number of measurements. A single scan
of the surface region will not detect a subsurface void unless the
resultant change in gravity is greater than about 0.01 mgal [7].

A quantitative relationship for void size and depth is derivable
from the basic equation for gravitational force:

F = Gm1m2/r
2 dynes

where G is the gravity constant (6.7 x 10.8 dyne cm 2/gm 2), and m and
m2 are the masses (grams) separated by a distance, r (cm).

If the detectable change in the quantity, F/mi, is 0.01 mgal, then

P2Vo/r
2 = 1.5 x 102 gm/cm

2

1 mgal = 10 cm/sec2

9
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where P2 is soil density (gm/cm ) V is the void volume (cm3), and r is
the distance (depth) to the center of the void, assumed to be spherical.
If 02 is 2.7 gm/cm3 , then

r - 2.7 r ro meters

where ro is the void radius (meters). Thus, for a void of 1 meter radi-
us, the detection distance to the top of the void is 2.2 meters.

Detection, unforcunately, is only the first step. The location and
the measurement of the size of void require many measurements and rela-
tively complex data processing and interpretation [7]. One problem
with force-field measurement is that the measured quantity does not

separate void size and void depth. The same variation in gravity force
can arise from a large density anomaly at great depth or a small anomaly
close to the surface. Furthermore, above-surface structures and natural

formations will complicate the situation. In general, the suspected
area must be repeatedly scanned along several widely separated tracks,

and the measurements carefully analyzed to determine whether a sub-
surface localized density anomaly exists. The next step is to determine
whether the magnitude of the anomaly i , sufficient to indicate a void.

Another problem in gravity techniques is that small accelerations
of the instrument platform must be sept.rated from the gravity measurements.
Fortunately, the frequency of platform accelerations is usually such
that state-of-the-art electronic filtering methods will perform the
needed separation. Filtering, however, can be expensive and the only
alternative, platform stabilization, is usually equally expensive. The
physical size of the gravimeter presents no problem. The gravimeter, as
well as simpler types of self-leveling devices, will fit into oil-well
boreholes for below-surface surveying [7].

In summary, gravity detection of voids has no upper limit on depth
as long as the void is large enough. If time is available for repeated
scans of the surface over a relatively wide area (at least ten times the
square of the void diameter), and if suitable signal processing equipment
and data analysis methods are available, voids can be detected, and their
depth and dimensions investigated. However, the costs of signal proces-
sing and data analy 's do not compare favorably with those for resis-
tivity or seismic surveys.

Electromagnetic Waves

The electromagnetic method for performing subsurface surveying
involves video pulses and is a result of advanced radar technology [8].
A short video pulse composed of low frequency radio waves is propagated
through the overburden and subsurface materials. These materials can
include vegetation, soil, and pavement. Anomalies and interfaces
within the soil properties reflect the propagated signals, which are
recorded as a function of time. By appropriate calibration procedures
based upon the speed of the electromagnetic signal through the material
being surveyed, the time scale can be interpreted in terms of depth.
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