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PREFACE

The Symposium on Detection of Subsurface Cavities was held 12-15
July 1977 at Vicksburg, Mississippi. The Symposium was sponsored by the
Office, Chief of Engineers (OCE), under the Civil Works Investigational
Studies (CWIS), Materials - Rock Research Program (Work Unit 31150, en-

titled "Improvement of Geophysical Methods"), and the Soils and Pavements

Laboratory (S&PL), U. S. Army Engineer Waterways Experiment Station (WES).
The Symposium was organized and coordinated by Mr. Dwain K. Butler,
S&PL. Other individuals instrumental in planning and organizing the
Symposium were Messrs. Robert F. Ballard, Jr., Joseph R. Curro, Jr., and
# Don C. Banks, S&PL. Mr. Paul R. Fisher is the Program Manager of the
Rock Research Program and was the OCE point of contact for the Symposium.
This report which documents the proceedings of the Symposium was edited
by Mr. Butler.
Mr. James P. Sale was Chief, S&PL, during this period, and
COL John L. Cannon, CE, and Mr. Fred R. Brown were Director and Techni-

cal Director, respectively, of the WES.
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THE SYMPOSIUM ON
DETECTION OF SUBSURFACE CAVITIES
12-15 July 1977

PART I: INTRODUCTION

Background

Almost weekly it seems that reports of problems encountered with
construction sites on solution susceptible bedrock are surfacing. The
problems are being encountered not only with new construction but with
existing structures and range from reservoir leakage through dam founda-
tions to catastrophic collapse of roadways, buildings, dams, etc. Al-
though the Corps of Engineers has had and is having its share of problems
in such areas, the Corps can not claim to be unique in this regard, as
problems are being encountered by numerous agencies of the Federal and
State Governments and by private contractors and consultants both in this
country and around the world. The problem is basically that of subsur-
face cavities and many complicated and interrelated geotechnical mani-
festations of them.

The Symposium on Detection of Subsurface Cavities, held in
Vicksburg, Mississippi, 12-15 July 1977, was an attempt to define the
scope of problem and to review the state-of-the-art in geophysical cavity
detection methods. Although originally envisioned as a meeting of Corps
of Engineers personnel with invited speakers, the Symposium grew consid-
erably in size with representatives attending from universities, private
companies, and other government agencies. In an effort to direct atten-
tion to the problem of subsurface cavities in general, the following
definition was given on questionnaires sent to possible attendees to
appraise interest in the Symposium:

Definition: The term "subsurface cavity" is broadly interpreted to
mean any void or pocket (air or fluid filled or filled with some
secondary geologic material) in soil or rock which may or may not
have surface expression. Cavities may be geological in origin
(i.e., formed by solution processes in limestone and dolomites or
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by tectonic activity in any type rock) or man-made (such as buried
pipes, tunnels, mines, etc.) and may vary in dimensions from a few
centimeters to hundreds of meters.

Thus the problem is considered to encompass all forms of subsurface
cavities, in addition to those found in solution susceptible bedrock such
as in Karst regions, including those of military interest such as intrusion
tunnels, missile silos, explosion-induced cavities, etc.

For proposed construction in areas with potential subsurface
cavity problems, two courses of action are possible: (a) avoid the problem,
and (b) accept the problem and develop solutions. If subsurface cavities
are found to be a threat to existing structures, again two courses of
action can be defined: (a) abandon the project, and (b) "live with the
problem" and attempt remedial measures. Regardless of the ultimate
course of action, the scope of the problem at a given site must first be
defined. Due to the fundamental limitations of geological mapping, aerial
remote sensing methods, and direct contact methods, the use of geophysical
methods are required to help define the problem and thus provide input
to the decision making process. In the site selection process for new
construction, it is imperative that geophysicists have an early part in
the site evaluation aspects. Geophysical reconnaissance methods can play
an important role in the avoidance or abandonment decisions (items (a)
above). Also geophysical detailing applications can play an important
role in defining and delineating the scope of the problem for developing
solutions and remedial measures (items (b) above).

The keynote address by Mr. William E. Davies of the U. S. Geological
Survey, case history presentations by Corps of Engineers personnel, and
the presentation by Mr. Richard Hopkins of the Tennessee Valley Authority
were intended to define the scope of the problem faced by those involved
in site selection and evaluation and investigation of the foundations of
existing structures in areas where subsurface cavities may be a problem
(particularly those areas which may strictly or even loosely be classified
as Karst areas). Not only is the percentage of land area in the United
States underlain by solution susceptible bedrock quite large; but, as

more and more of the preferred building sites are used, the probability
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of encountering foundation problems due to subsurface cavities will increase
greatly. The problem is only rarely that of a single, large cavity at
shallow depth. Instead, the more common problem is one of cavity systems:
highly complex and interconnected, varying in size, and often extending to

great depths. Hence, the task of detecting cavities by geophysical methods

is quite challenging. In many cases the detection of individual cavities
will not only be practically impossible but meaningless in terms of utility.
For these cases, the preferred approach may be to delineate cavity zones

or cavity-prone zones in the foundation with the geophysical methods.

The presentations by Mr. D. K. Butler of the U. S. Army Engineer
Waterways Experiment Station (WES) and Mr. Richard Benson of Technos,

Inc., were intended to give an overview of cavity detection methods and
their applicability. Technical presentations on specific detection

methods were then intended to give an introduction to a variety of geo-
physical methods applicable to the cavity detection problem and provide

a review of the state-of-the-art. The specific methods include high
resolution seismic reflection, other seismic methods, electromagnetic
methods (radar), resistivity, microgravimetry. Extensive discussion periods
following each presentation allowed a free exchange of ideas and clarifica-
tion of major points.

Finally, an informal "round table-type" discussion climaxed the
Symposium. This allowed a direct interchange of ideas between a panel of
experts and the audience. Outstanding questions and problems were addressed,
and a look to future needs in geophysical research and development was

presented.

Scope

This report is intended to document the proceedings of the
Symposium. Due to time and fiscal constraints, the presenters were not
asked to present complete copies of their papers. Instead, the presenters
were asked to prepare detailed abstracts and, if possible, to supply copies
of the illustrations used in their presentations. The abstracts are re-

produced, for the most part, without editorial changes. Outlines or




transcripts of three of the presentations were available in more complete
form and are included.

Part II of this report consists of a press release on the
Symposium, prepared by the WES Public Affairs Office, and is an excellent
account of the purpose and content of the Symposium. Part III contains
the Sympcsium Abstracts, and Part IV presents a Summary and Recommendations.
The Agenda, a Bibliography, and a List of Attendees are presented in the

Appendices.




-e

PART II: SYMPOSIUM PRESS RELEASE

by Barbara Cain¥*

"Five hundred dead in parking lot collapse.'" Disaster headlines of
the future? It just could be, according to William E. Davies, geologist
with the U. S. Geological Survey.

Davies made the statement in his keynote address at the Symposium
on Detection of Subsurface Cavities held in Vicksburg this past week
(12-15 July 1977) at the Magnolia Best Western Motel.

Sponsored by the Office, Chief of Engineers, in Washington and the
Soils and Pavements Laboratory (S&PL), WES, the Symposium attracted
geologists, geophysicists, geotechnical engineers, administrators, and
planners from all over the country.

The cavities under study are subsurface voids in the earth caused by
solution, the process of chemical weathering that causes rock material to
pass into the liquid state. Cavities are not easily detected, and unfortu-
nately, they have occurred in the foundations of even preferred construc-
tion sites. Since many of the more desirable sites have already been used,
future construction may be necessary on sites where subsurface cavities
are likely.

To avoid the catastrophe of possible structural collapse, proper
foundation study must be conducted to locate and treat these underground
caverns. The Symposium was directed to geoscientists, engineers, and
managers who musi{ deal with this type of engineering problem.

Taking turns at the lectern during the week were experts from the
WES, District and Division offices of the Corps of Engineers, the Tennessee
Valley Authority, Southwest Research Institute, Colorado School of Mines,
Lawrence Livermore Laboratory, Texas A&M University, the University of
Missouri at Rolla, and even a professor from the Campagnie Generalde de
Geophysique in France.

Methods of cavity detection fall into three main categories: remote

sensing, ground-surface, and direct contact.

* WES Public Affairs Office.
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Remote sensing methods have the advantage of covering large areas
quickly and economically. Although these methods are not capable of
locating or delineating specific cavities, they can be used to select
problem areas for more intensive study by other methods.

Ground-surface methods include, among others, seismic, electrical
resistivity, self potential, acoustic subbottom profiling, and gravity
surveying. These methods of surface geophysical exploration vary greatly
in their ability to reveal specific cavities, but some have potential as
valuable subsurface cavity location tools.

Direct contact methods, the third class of cavity detection, are
the only means of definitely establishing the existence of cavities. These
methods, using borings and excavation, may be used to prove out potential
cavities indicated by remote sensing or surface geophysical methods. The
high cost of drilling and the time involved limit application of these
methods for exploration.

Emphasis of the Symposium was placed on the presentation and review
of state-of-the-art in geophysical cavity detection as the most promising
method of locating these subsurface caverns. Both formal presentations,
including engineering case histories, and informal “round table-type"
discussions were employed to develop topics of instruments, methodology,
and capabilities.

Several dignitaries were on hand Tuesday morning (12 July 1977) to
kickoff the U-day Symposium. Attendees were welcomed by COL John L.
Cannon, Commander and Director of WES, followed by Paul Fisher of the
Office, Chief of Engineers, who explained the interest and needs of the
Corps of Engineers in cavity detection. The keynote address was given
by William E. Davies, a geologist with the U. S. Geological Survey.
Symposium coordinators were Dwain K. Butler and Robert F. Ballard, S&PL,
WES.




Left to right above: J. P. Sale, Chief, S&PL, COL Cannon, Davies,
Fisher, Butler, and Ballard.

~ -

Geologists, geophysicists, geotechnical engineers, scientists, and
administrators from all over the United States, as well as representa-
tives from Canada, Puerto Rico, and the Dominican Republic, convened in
Vicksburg last week (12-15 July 1977) for a series of lectures and panel
discussions on methods of subsurface cavity detection.

if




A native of Vicksburg, Dr. Charles Kolb (right), who is a geologist
of note in the professional community, attended the Symposium and enjoyed
"shop talk" with a colleague, Dr. R. R. Unterberger of Texas A&M Univer-
sity, during a break. On Wednesday afternoon (13 July 1977), he con-
ducted attendees on a historical-geological tour of Vicksburg National
Military Park. Dr. Kolb, who holds a Ph.D. degree in geology, retired
from the WES in 1973.
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PART III: ABSTRACTS OF THE SYMPOSIUM ON
DETECTION OF SUBSURFACE CAVITIES

Gathright Dam, Case History of Seismic Wavefront Investigations -
John C. Bowman, Middle East Division

Abstract

During final foundation explorations for Gathright Dam, borings encountered
open cavities in the dam abutment below the proposed pool elevation. Since
near vertical dip jointing was common, there was heated discussion whether
narrow solutioned joints or actual large open cavities were involved.
Additional core borings did little to confirm either viewpoint. Seismic
wavefront surveys were conducted to expand the borehole information with
some success, however, they were unable to resolve the dispute. Downhole
TV was able to confirm severe solutioning in the abutment and exploratory
adits were used to further refine the abutments karstic nature. Special
foundation treatment was required to control leakage through the left
abutment because of these cavities.

Radford Army Ammunition Depot, Case History of Seismic Wavefront Investi-
gations - Carl S. Anderson, Norfolk District

Abstract

Seismic Wavefront techniques were employed to locate subsurface
discontinuities at a proposed site for a large ammunition manufacturing
facility at Radford, Virginia. Subsurface conditions at the site consist
of soluble limestone and dolomite formations. Numerous sink holes are
evident and some are active. The results of the wavefront studies and
their correlation with core boring data are presented. Problems with
setting charges and several methods employed are also discussed. Double
spreads were shot from several drill holes by coupling two twelve channel
seismographs together. The results and method of coupling the units is
discussed.
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CASE HISTORY OF MERAMEC PARK LAKE
CAVITY DETECTION

Gregory L. Hempen
St. Louis District

Abstract

The Meramec Park Lake is situated in the Ozark Plateau
region of Central Missouri along the Meramec River. The con-
troling rock formations are Cambrian and Ordovician dolomites.
These dolomites are solutioned and have cave development.
Sinks are only occasionally present in the uplands. The dam
is rock-filled with an impervious clay core. The rock fill
will be quarried from the emergency spillway cut.

Seismic and resistivity methods were utilized to explore
for detrimental rock conditions including solution openings
and other passages which might make grouting difficult. Up-
hole shooting was used extensively in the uplands and abut-
ments; crosshole shooting was deployed in the valley where
the near surface ground water table supported wave passage to
hydrophones. Seismic coverage overlapped along the entire
grout curtain and beyond. Both Wenner and Bristow resistivity
arrays were utilized to determine practical application foxr
particular purposes in this environment.

Analysis techniques of the shooting was predominately by
seismic refraction methods, minimum-distance velocity inter-
pretation, and Meissner wavefront diagrams. Advantages of
in-hole seismic shooting at this site are: simple equipment,
shock source and array deployment, and availability of
computer processing. Disadvantages include: arrays limited
to boreholz cowzrage; topographic and bedrock inaccuracies,
which should be checked; deceiving subsurface coverage; and
resolution of anomaly cause and size.

Resistivity exploration was limited, but in selected
cases verified known anomalies, Power source of the resis-
tivity unit restricted severely the depth of investigation.

Known caves were analyzed with uphole shooting to
evaluate method effectiveness and to compare with grout cur-
tain anomalies. Anomalies along the grout curtain were
drilled following their discovery to determine severity and
axtent. Seismic inhole analysis was compared with RQD values,
borehole pressure testing, test grouting results, and known
cave development. Seismic methods at this site predicted
anomalies which have been determined to be groutable.

10
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CASE HISTORIES, PROBLEMS OF BURIED KARST AND CAVERNS
FLORIDA AND PUERTO RICO

C. Fred Dreves
Jacksonville District

Abstract

The Jacksonville District's major construction activities in
Florida are located in areas almost totally underlain by soluble
limestone varying in age from recent to late Eocene.

The younger limestones occur in southern Florida. The rock is
highly solution riddled, sometimes cavernous and often interbedded with

- or underlain by clean sand or other unconsolidated materials. The
occurrence, thickness, hardness, and other engineering characteristics
of the limestones change rapidly over short distances. Some have
i described southern Florida as a mass of mortar looking for a place to
set. Closely spaced core borings often fail to reveal buried cavities
encountered during construction. Refraction Seismograph Surveys have
failed to provide usable records because of the interbedded nature of
the rock (limestone underlain by less dense material such as sand).
Seepage control and dewatering structure excavations in the solution
riddled or cavernous limestone is a major design consideration.

P

The older limestones occur in central and northern Florida. Ex-
tensive cavern systems, buried Karst topography, and large springs such
as Silver Springs at Ocala, Florida, are present. The limestones are
part of a major aquifer which is the primary source of potable water for
much of ¥lorida. The entire area is pockmarked with sink holes. Pri-
mary topographic features are controlled by solution activity and under-
ground erosion along solution channels. Sinkhole lineations and spring
locations appear to be controlled by faulting. Sinkhole formation is
currently taking place with the most active periods during dry seasons.
Many sinks are inactive and have been for years, but on occasions and
for unexplained reasons, new sinks develop adjacent to inactive ones.

il Bl i i b L e L e e
i

The water filled cavern systems are difficult to trace using known
techniques. Seepage control, foundation design, dewatering provisions,
; and protecticn of the aquifer require detailed knowledge of the cavern
systems.

The occurrence of subsurface cavities and other natural forces are
causing major foundation problems at the San Juan National Historic Sites
in the old city of San Juan, Puerto Rico. The Jacksonville District is
currently performing field investigations for foundation remedial treat-
ment at these sites. The historic sites are located on an elongated
whaleback-shaped ridge composed of a series of cemented sand dunes
resting upon a limestone reef foundation which may in turn be underlain
by unconsolidated clean sand. Each cemented dune in the series is

21




separated from the underlying one by a more permeable relic soil mantel.
The dunes are transected by near vertical Joints. Surface water entering
these joints seep downward to the relic soil mantels and then flows down
the dip of the mantels to be discharged near the sea. The surface water
moving along the soil mantels causes cavities parallel to the bedding
both by erosion and chemical decomposition. As the weak zones form, large
blocks of the cemented dunes at the cliff face are free to move. Loca-
tions of the cavities are essential for foundation remedial treatment
design.
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TUNNEL DETECTION PROBLEMS IN VIETNAM

E. E. Addor, Terrain Analyst, WES

Abstract

During the years of the Vietnam conflict, the ground forces of the
United States and its allies were hampered by the enemy's use of exten-
sive, well concealed tunnel networks. Obviously, means of detecting the
presence of a tunnel complex and determining its extent would have pro-
vided an important tactical advantage for the friendly forces. The con-
ceptual approaches to the problem of tunnel detection were focused upon
the hypothesis that the presence of a tunnel in an area would create
certain detectable anomalies in the environment of that area. During
March and April, 1967, an interdisciplinary terrain analysis team from
the Waterways Experiment Station (WES) went to South Vietnam to gather
quantitative measurements of various environmental factors in and around
tunnel complexes, for guidance in establishing the suitability or the
sensitivity requirements of various experimental or hypothetical sensor
systems. The data were compiled and published as WES Misc. Paper 4-919,
"Environmental Characteristics of Tunnels in South Vietnam, by this
author, dated August 1967 (reprinted Aug 1968). The report consists mostly
of a straightforward compilation of the collected data, with descriptions
of the instruments and procedures employed, and discussions of problems
encountered. The data are presented in 40 tables and 39 plates with
descriptive notes, all extensively indexed and cross-referenced. Except
for directing attention to certain points which may be of interest to
those engaged in sensor development, there is but minimal attempt to
interpret the data in terms of specific sensor requirements. March and
April are at the peak of the dry season in the area studied, and any
search of these data for potentially significant sensor signatures, or
possible sources thereof, must be made with this bias in mind.

The factors measured and included in the report are:

a. Tunnel geometry. For one tunnel, interior features and
ground surface features pertinent to both detection and denial techniques
are described in detail on a short segment, and the general pattern of
the complex over an extensive area is indicated. For another complex,
data are given for interior detail and for general pattern. These two
tunnels are similar in many structural details, but they differ signi-
ficantly in the size of the passageways, in the intricacies of the (known)
network, and in the frequency and size of identifiable storage rooms,
sleeping bays, and other activities rooms. These differences are thought
to be related to function; the complex with smaller passageways, more
intricate network, and fewer rooms is believed to be a tactical tunnel,
while the other is believed to be designed primarily for logistical

23




purposes. Salient features of the tunnel geometry, with respect to pro-
duction of significant sensor signatures, are: the absence of surface

soil disturbance during construction; the small size and irregular location
of vent holes; exits (in the complexes observed) being located close under
dense shrubbery and carefully concealed with camouflaged trapdoors; fre-
quent and irregular changes in direction of the passageways; the presence
of interior trap doors closing and concealing offsets in direction and
elevation; and variability in the dimensions and horizontal and vertical
placement of passageways and various utilitv chambers.

b. Surface composition. Tunnels observed during this study were
in the following soil types--gray podzolic (Cu Chi and Quang Ngai), red-
yellow podzolic (Cu Chi), reddish-brown laterite (Long Phuoc), and earthy-
red latosols (Pleiky). Nearly all measured soil strength values were in
excess of 4.5 kg/cm® as measured by a pocket penetrometer. Seismic-wave
velocity and attenuation curves were obtained for the Cu Chi and Long
Phuoc tunnel areas, and electrical conductivity curves are shown for soils
of Cu Chi and Pleiku.

¢. Microclimate. The data include (1) soil surface temperature
profiles variously oriented to the tunnel, and temperature profiles inside
the tunnel, at tunnel openings, and above tunnel openings; (2) relative
humidity in and around a tunnel opening; and (3) air flow through the
interior of the tunnel. A cursory examination of these data indicates
that no significant difference existed between soil temperatures over
the tunnel and away from the tunnel, or if present, the difference was
obscured by background variation. The soil temperature in general was
lowest at about 0700 hr. At any given place within the tunnel, the
temperature was nearly constant during the period of measurement,
varying from about 79 F at the coolest place measured (tunnel under
woods) to about 82 F (tunnel under open field); at an opening there was
a sharp and rapid fluctuation of relative humidity which appeared to be
accompanied by a corresponding fluctuation of temperature; and though
the interior temperature and relative humidity were quite high, at
about 79-82 F and greater than 80%, the air inside the tunnels was
nonetheless fresh and acceptable.

d. Vegetation. Both vegetation structure and taxonomic data are
presented. To the extent of the observations made during this study, it
is not evident that vegetation in any way influences the construction of
tunnels, though it may influence their location to the extent that
maximum advantage is made of taller vegetation (woods, plantations,
etc.) for concealment of exits where possible. Also, neither is it
evident that the presence of a tunnel alters the appearance of vegetation
standing above it.

T T——

e. Visual appearance and reflectivity. At a scale of about 1:1000,
no evidence of tunnels could be seen on camouflage detection or infrared
photography.
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TVA PHILOSOPHY AND METHODOLOGY FOR SITE INVESTIGATION

Richard Hopkins, Tennessee Valley Authority
Abstract

Most of the TVA region is underlain by limestone, which
presents problems in site foundation investigations. Each site,
depending upon the type of structure to be built, must be inde-
pendently evaluated in regard to foundation conditions.

There are two main points in TVA's foundation exploration
philosophy. First is the role that the geologist plays in using
all available information in order to coordiante with the geo-
physicist as to the type and possible location of solution features
or other adverse foundation conditions. Thus the geologist and
geophysicist determine the exploration program and coordinate
their proposal with the design engineer. The second point is the
zone investigation approach. Our experience has shown that most
solution problems are caused by a series of small joint-controlled
and/or bedding plane features, rather than large single cavities.
It is almost impossible as well as uneconomical to try to locate
each solution feature. The zone investigation approach, which
acknowledges the possibility for treatment of these small features
after opening the foundation, has caused no major redesign of a
TVA structure, except in the case of Normandy Dam, where a cutoff
trench had to be added.

TVA, turning its attention from coal-fired plants and
dams to nuclear power, which would require intensive foundation
evaluations, combined with the rising cost of core drilling, was
forced to search for other methods to obtain engineering data.

TVA began percussion drilling rather than core drilling to complete
exploration holes for geophysical logging, at a savings of one-
third the cost per foot and one-tenth the time.

TVA maintains two geophysical borehole logging trucks
and has proven the effectiveness of the borehole technique for
foundation investigations by logging more than 3,000 holes.
Geophysical sondes used for engineering foundation investigations
are mainly sonic, 3-radii caliper, and density. Other sondes
(resistance, gamma, temperature, neutron) are used for special
problems such as stratigraphic correlation. It is necessary to
use more than one type log to make an accurate interpretation,
depending upon the information sought.

Phase I of a plant site evaluation consists of a
comprehensive regional geologic investigation. Phase II, a
localized site evaluation program is formulated, which consists
of in-depth review of geologic literature and a site visit.
Detailed geologic mapping, remote sensing, tectonic studies,
refraction survey for top of rock, and in some instances gravity
and resistivity studies for weathering phenomena, comprise the
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third stage of investigation. Then recommendations based on
results of phases I and II, determine limited percussion drilling
and geophysical borehole logging to be performed.

Continuous cross-hole logging has a definite place in
exploration, though more work on its capability needs to be done.
High-resolution reflection investigations are also being planned
for a rapid reconnaissance studies. High-resolution data re-
cording is at the state-of-the-art, but data acquisition (field
techniques) and data reduction (computer programs), although also
at the state-of-the-art, need to be updated.

In summary, within TVA, the geologist, geophysicist and
design engineer work together to evaluate foundation conditions.
Their respect