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FOREWORD

Welcome to the Thirteenth Multidisciplinary Conference on Sinkholes and the Engineering and Environmental
Impacts of Karst in sunny Carlsbad, New Mexico. This will be the farthest west the Sinkhole Conference, as it is
informally known, has met since its inception in 1984. The setting will provide conference participants with a unique
opportunity to view karst phenomena such as gypsum cenotes that are uncommon outside the southwestern United
States, and world-class caves and karst features that occur (for better or worse) within and adjacent to giant oil fields
of the Permian Basin region.

In 2011 the National Cave and Karst Research Institute (NCKRI) assumed responsibility for hosting the Sinkhole
Conference series. NCKRI, a non-profit organization dedicated to pure and applied research on caves, karst phenomena,
and karst hydrology is well-positioned to assume a leadership role in organizing and hosting the conference. Several
of the staff of NCKRI have a long history of participation in past Sinkhole Conferences, and we look forward to
supporting and hosting future meetings in other areas of the United States and abroad. The fourteenth conference will
be held in Minneapolis, Minnesota in 2015, and discussion has begun on the possibility of an international setting for
a future conference.

We wish to dedicate this year’s proceedings volume to the memory of Barry Beck, who died in 2011. Barry initiated
the Sinkhole Conference series in 1984 and was instrumental in maintaining the series of meetings over the years
through several sponsors. Although his energy and enthusiasm will be greatly missed by future conference organizers,
we are honored to carry Barry’s legacy into the future.
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KEYNOTE SPEAKER

SPELEOLOGICAL, HYDROGEOLOGICAL AND
ENGINEERING GEOLOGICAL CHALLENGES OF

TUNNELING IN KARST AREAS

Dr. Mladen Garasic
University of Zagreb, Croatia

In the Classical Dinaric Karst of Croatia, over 11,500
caves have been explored so far, more than 1,000 of
which were discovered during construction works.
Caves discovered on the construction sites of highways
lacked natural entrances on the surface. Over the past
20 years they have been systematically investigated
and remediated to allow completion of the roads. Some
special examples will be presented during the lecture,
such as the large hall in the Vrata Tunnel of the Zagreb —
Rijeka Highway, and caves in Croatia’s longest tunnels.
Due to the size, shape, position, and hydrogeological
parameters of the cave within the karst system, it was
necessary to design and construct a special bridge through
the cave in the Vrata Tunnel. The cave’s vaulted ceiling
had to be reinforced and stabilized. This presentation
will include video and photos of the most interesting
karst and cave locations in Dinaric Karst.

Biography

Mladen GaraSic, PhD. Geology, Hydrogeology, and
Geological Engineering. Born in Zagreb, Croatia,
in 1951, Dr. Garasic graduated in geology and karst
hydrogeology in 1977, master of science 1981, and
doctorate in geosciences and geological engineering in
1986. He is a scientist, and a professor of geology, karst
hydrogeology, applied geology, engineering geology and
speleology at the University of Zagreb, and has authored
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more than 330 scientific and professional papers. He
serves as a committee member for the Croatian Academy
of Science and Arts, UNESCO World Heritage Team
for the Dinaric Karst, International Association of
Hydrogeologists, and International Association for
Engineering Geology and the Environment.

Dr. Garasic started skiing in 1955 and won the Junior
Skiing competition of Croatia in 1963. He has been a
member of the Croatian Mountaineering Association
since 1955 and was awarded by the Association in 1969
and 1981. He started caving in 1963 and is the founder
and president of several caving clubs in Croatia. He
served as first president of the Croatian Speleological
Federation from 1990 to 2010 and is a life member of
the U.S. National Speleological Society. Since 1993,
he has served as Croatia’s delegate to the International
Union of Speleology and to the European Speleological
Federation beginning in 2009.

Dr. Garasic has conducted research in, and explored and
visited nearly 5,000 caves in 64 countries. He has led
many speleological expeditions in the longest and
deepest caves in Croatia, Europe, and the world. He has
also studies about 1,000 caves without natural entrances,
discovered by tunnels and quarries, and evaluated their
hydrogeology and engineering geology.



KEYNOTE SPEAKER

NATURAL AND ANTHROPOGENIC SINKHOLES: FROM
IDENTIFICATION, TO SURVEYING, STUDYING AND
MODELING A SUBTLE HAZARD

Mario Parise

National Research Council of Italy, Institute of Research for the Hydrogeological Protection

Sinkholes are the most common hazard in karst, being
related to the presence of natural caves, and to their
interaction with the ground surface. In the last decades,
however, the study of sinkholes widened well beyond
the boundaries of karst, including situations where
cavities produced by man in different epochs and for
different purposes interact in some way with the built-up
environment, and represent a likely threat to the society.
As a matter of fact, several urban areas in many countries
worldwide have been recently affected by sinkhole
occurrence which caused severe damage; sinkholes in
Guatemala City, and other events in Italy, Germany and
Turkey are only some of the many that characterize the
last several years.

In terms of civil protection issues, the topic has become
of high interest in Italy, and much work has been devoted
to it at CNR-IRPI. This presentation briefly describes the
activities carried out, as they concern both natural and
anthropogenic sinkholes, and to share the experiences
so far developed. These latter cover all the phases of
sinkhole analysis: from the identification of the sinkhole-
prone areas, to surveying the underground environment
(by combining speleological techniques and modern
technologies in order to get reliable and precise surveys),
to recognizing the type of rock failures and characterizing
the rock mass in terms of mechanical properties, to
eventually modeling the case studies through numerical
codes in order to forecast the likely evolution of
underground failures, their upward propagation, and
evaluating the possibility of sinkhole occurrence at
the ground surface. A particular focus will be given to
historical research, and its use in identifying ancient and/
or buried caves, as the first step in the assessment of the
sinkhole susceptibility and hazard. All of this will be
illustrated through a number of case studies in southern
Italy, dealing with natural karst caves and anthropogenic
cavities as well. The final part of the presentation will

also cover some issues related to land-use problems in
sinkhole-prone areas, and the utilization of the outcomes
from sinkhole studies in civil protection programs at
the local and national level, aimed at safeguarding and
protecting private and public properties and the local
populations.

Biography

After graduating with honors in Geology in 1988 at
the Faculty of Sciences of the University of Naples,
Mr. Parise received grants from the National Research
Council of Italy and spent several periods working in
cooperation with the U.S. Geological Survey at Golden,
Colorado, and the University of South Florida at Tampa,
Florida. Since 1994 he has worked as a Research
Geologist at the National Research Council, Institute of
Research for Hydrogeological Protection (CNR-IRPI)
in Bari, Italy. He has organized and convened several
international workshops and conferences on the topics
of karst, karst hazards, and slope movements (European
Geosciences Union Assemblies, Geological Society of
America Meetings, Italian Forums of Earth Sciences),
and is the scientist responsible for several projects
between CNR-IRPI and different public administrations
and private companies.

Since 1990, Mr. Parise has developed research mainly
into the geological and geomorphological analysis of
slope movements. Much of his research deals with the
identification ofareassusceptibletodifferenttypesofslope
movement (debris flows, deep-seated gravitational slope
deformations, mass wasting processes, etc.) by means of
stereoscopic interpretations of aerial photographs and
field surveys. Particular focus is given to multi-temporal
analyses, aimed at understanding the likely evolution
of slopes, even in relationship with anthropogenic
activities, and/or as a consequence of specific triggering
events (rainstorm, earthquakes, etc.). For several sites
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in southern Italy, he has created a framework of the
influence of weathering in the predisposition of slope
movements. He has also contributed to the analysis of
rapid landslides (debris avalanches, rock avalanches) in
different geological settings in Italy and abroad, and to
studying the occurrence of debris flows and erosional
processes in areas recently affected by wildfires.

He began caving in 1998 and since 2002 he also works
in the field of karst research, focusing on the evaluation

X1V
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of natural and anthropogenic hazards that occur in karst
territories, with particular regard to sinkholes related
to both natural caves and man-made cavities. He is the
author of over 100 papers published in international
journals and proceedings of international conferences.
He has given several presentations in international
symposia and workshops. Mr. Parise has guest edited 10
special issues for ISI international journals, published
two books with the Geological Society of London, and
reviews papers for several international journals.



KEYNOTE SPEAKER

TECTONIC INFLUENCES ON PETROLEUM MIGRATION
AND SPELEOGENESIS IN THE GUADALUPE MOUNTAINS,

NEW MEXICO AND TEXAS

Harvey R. DuChene
Vecta Oil and Gas, LP

Sulfuric acid speleogenesis in the Guadalupe Mountains
is a consequence of the rise of the Alvarado ridge and
subsequent opening of the Rio Grande Rift during
Cenozoic time. Uplands of the late Laramide (~38 — 35
Ma) Alvarado Ridge provided an immense recharge area
that supplied water to aquifers draining eastward to the
Permian basin. Evidence for east-directed hydrodynamic
flow is the displacement, microbial degradation and
subsequent recharging of hydrocarbons in large structural
and stratigraphic traps in Artesia Group (Permian,
Guadalupian) reservoirs in southeast New Mexico and
adjacent west Texas. Prior to, or during the early stages
of the development of the Rio Grande Rift, hydrostatic
head in the Capitan aquifer caused water to flow eastward
through Artesia Group strata toward the Permian basin.
Some of this water moved upward along fractures to
artesian springs in the area of the Guadalupe Mountains.
This resulted in solutional enlargement of fractures and
development of early stage caves. Extensional faulting
since 29 Ma fragmented the east flank of the ridge,
progressively reducing the size of the upland recharge
area and reducing hydrostatic head. Fresh water influx
introduced microbes into Artesia Group (Permian,
Guadalupian) reservoirs causing biodegradation of
petroleum and generating copious H,S.The water table
within the Guadalupe Mountains began to fall 14-12
Ma in response to erosion and tectonism. During this
time, oxygen-rich meteoric water mixed with H,S water
to form sulfuric acid, which enlarged passages and
galleries at the water table. Tectonic spasms related to
the opening of the Rio Grande Rift caused abrupt drops
in the water table, shifting the locus of sulfuric acid

dissolution eastward and downward. Cave levels formed
by sulfuric acid record the position of the water table
at a given time, and the elevation difference between
levels may correlate with episodes of Rio Grande Rift
tectonism since 12 Ma.
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exploration in basins of the Rocky Mountain province and
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Appalachian basin and offshore West Africa.
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speleogenesis of hypogenic caves, particularly those
formed by sulfuric acid. He is interested in the connection
between the evolution of hypogenic cave systems and
the tectonic and geologic history of regions.

Harvey is a member of the Geological Society
of America, American Association of Petroleum
Geologists, American Geological Institute, Rocky
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Geological Society, West Texas Geological Association
and Karst Waters Institute, and he is a Fellow of the
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KEYNOTE SPEAKER

WHEN THE CARBONATE PLUMBING GOES BAD:
SINKHOLES, THE HYDRA, AND THE GENERAL PUBLIC

William Kochanov

Pennsylvania Department of Conservation and Natural Resources

In 1985, a program was initiated by the Pennsylvania
Geological Survey to inventory (catalog) existing
sinkholes and to map areas of potential sinkhole
development. The program was developed to provide
general background information for the initial stages
of site investigations, aid in sinkhole remediation
efforts, and serve as a tool for developing regional
land-use planning strategies. Although the methods
of data collection and distribution have evolved over
the past 25 years, it has been interesting to note that
the practicing professional continually has had to
refine the means of sorting and sifting data much
like that of a forensic specialist; each investigator
having their own special challenges as the clues for
remediation often lie hidden beneath the veneer of
urbanization, are squirreled away in files of the local
Historical Society or are muted for fear of liability.
Bill will take you on a savage journey through the
karstlands of Pennsylvania to marvel at some of
its many wonders, examine yawning portals to the
underworld, grapple with the paradox of the cultural
hydra, and the ultimate in trepidation, entering the
lair of the general public.

XVI
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TOWARDS A KARST ASSESSMENT STANDARD PRACTICE

Robert K. Denton Jr., CPG, CPSS

GeoConcepts Engineering Inc, 19955 Highland Vista Dr., Ste. 170, Ashburn, Virginia 20147 USA,

rdenton(@geoconcepts-eng.com

Abstract

The assessment of karst conditions and putative
karst geohazards prior to residential and commercial
development is currently in its infancy, from a scientific
aspect. Borrowing from the medical lexicon, most karst
features at proposed building sites are dealt with using
an approach wherein the “symptoms and conditions”
are treated (e.g. sinkhole remediation), often only
after site development activities have commenced. If
karst hazards are suspected, roadways, foundations
and specific at-risk areas may be investigated using
various geophysical methods; however the results of
these investigations require specialized knowledge
to be interpreted and understood. Thus stakeholders
without geological training may find the investigator’s
results indecipherable, often leading to unnecessary and
expensive supplemental studies, the need for which is
entirely based on the non-technical stakeholder’s faith in
the investigator’s judgment.

In contrast, a recent trend among consulting firms is
to attach cursory karst “assessments” to due diligence
study reports, particularly Phase I Environmental Site
Assessments. These combined assessments are often
performed by individuals who are inexperienced in
geology, often without any specific training in karst
geology. Not unexpectedly, this can lead to numerous
mistakes, errors, and oversights. More troubling, these
studies often report a lack of karst risks at the site
under study, a result that the stakeholders may initially
embrace, but which later can result in substantial
financial loss and/or significant threats to human health
and the environment.

To address these concerns, we propose a proactive,
“preventative”  standard  practice for  karst
assessments. Ideally, this proactive approach will help
to delineate potential karst hazards so that they can
be avoided, managed, or corrected by remediation.
Requirements for investigators, a proposed scope of
services, fieldwork and data review checklist, and a
template for a follow-up karst management plan are
presented.

It is our hope that if carried out and reported accurately,
the proposed assessments should allow even a non-
technical stakeholder to make informed decisions
regarding the relative risk of karst geohazards, the need
for further studies, and potential corrective actions that
site development may entail.

Introduction and Background

The study of karst features, in particular karst springs
and groundwater stretches back into earliest written
human history. One of the first formal descriptions of
caves and their hydrography was written in 221 B.C.E.
in China, and the solution process of carbonate rocks was
described accurately by the Roman Philosopher Seneca
(4 B.C.E. — 65 C.E.). Commentary by naturalists and
philosophers on karst features and hydrology continued
in both Europe and Asia through the subsequent centuries
and entered into the era of systematic geomorphological
investigation in the 19" century (LaMoreaux and
LaMoreaux, 1998).

Not surprisingly, in regions where much of the land
surface was underlain by soluble bedrock and prone to the
development of karst terrain, karst studies were advanced
by the interests of regional politics (Zotl, 1974). One such
area was central Europe, where the Austro-Hungarian
Empire had acquired extensive tracts of karst lands.
The need to ensure that water supplies were adequately
developed and infrastructure was protected drove these
studies forward, and arguably the Austrian studies
could be considered the first examination of karst as a
geohazard, in particular Cvijic’s 1893 monograph Das
Karstphanomen. Nevertheless, the majority of interest
in karst remained of a purely scientific nature, and there
was little emphasis on assessing the environmental and
economic impacts of human development in karst terrains
until the latter half of the 20" Century (LaMoreaux, et al,
1975; Moser and Hyde, 1974; Rauch and Werner, 1974).

An increased sense of environmental awareness, coupled
with increasing residential and commercial development
in karst terrains during the 1970s and 1980s led to
increased interest in the characterization and mitigation
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of karst hazards and environmental impacts. The
Center for Cave and Karst Studies at Western Kentucky
University was one of the first programs in the United
States specifically created to deal with karst, from
both scientific and engineering aspects. At a national
level, the importance of karst studies was heralded by
the creation of the National Cave and Karst Research
Institute (NCKRI).

Figure 1. A Virginia newspaper story detailing the 1992
collapse of a house in the Shenandoah Valley into a sinkhole.

Simultaneously, local jurisdictions began to respond to
karst geohazard issues on their own, driven by various
incidents that brought caves and karst to the forefront of
public interest. (Figure 1).

As a result of this increased public interest and concern,
a series of karst model ordinances were proposed at
both state and county levels across the United States
(Karst Portal, 2012). Typically, these model ordinances
dealt with the “what” and “where” of karst, but not the
“who” and “how”. Karst studies were increasingly being
required by planning boards and zoning commissions
as part of the studies for approval and permitting of
residential and commercial development in potential
karstlands, but the manner in which the studies were
conducted, and the necessary qualifications of the
investigators, was typically not specified.

During the last decades of the 20™ century there was
a veritable renaissance in academic studies regarding
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speleogenesis, karst hydrology and karst biology,
yet ironically there was little attempt to advance the
development of a “karst site assessment” as a standard
practice. The putative process languished at the same
stage of evolution as environmental site assessments
prior to the creation of the specific due diligence scope
of work codified in the American Society of Testing and
Materials (ASTM) E1527 practice. Karst “assessments”
ranged in nature from cursory sinkhole inventory and
rudimentary geophysical subsurface investigation (often
without any interpretation), to geologically detailed and
often indecipherable “all-inclusive” investigations, none
of which would assist municipal planners, regulators
and/or developers in making well-informed decisions.
Frequently the lack of any obvious surface karst features
(e.g. sinkholes or caves) would result in a finding by the
investigator(s) that there were “no karst issues” at a site.
In contrast, investigators might recommend lengthy and
detailed follow-up studies where none were warranted.
Errors and misstatements of these sorts made karst
studies misleading and essentially useless for responsible
development and land planning.

Towards a Standard of Practice

In response to the polyglot of assessment schemes a
movement towards a karst assessment “standard of
practice” began to take form in the first decade of the 21
century. Notable examples were the Virginia Sinkhole
Classification Scheme for Land Use Planning (Orndorff,
et al, 2001), Kentucky Model Karst Ordinance
(Currens, 2009), the Clarke County Virginia Sinkhole
Ordinance (Code of Clarke County, 1997) and Karst
Plan Requirements (Teetor, 2004), and Chapter 6 of the
Loudoun County Virginia Facility Standards Manual
— Limestone Overlay District (2010). Nevertheless, a
single karst assessment standard of practice similar to
the ASTM standard practice for Environmental Site
Assessments (ASTM, 2005) was lacking.

Thus, what we present in this article is a proposed model
standard of practice that embodies a set of basic elements
that should be included in any karst site characterization.
It must be emphasized that this approach is not to be
considered the exclusive requisite elements in a karst
assessment, but the essential starting points for a basic
(preliminary) evaluation. Karst assessments will vary
according to the needs of the user(s), the requirements
embodied in local ordinances and the scope and nature
of the proposed development. However, if performed



in accord with this scheme, and reported accurately, the
proposed assessments should allow even a non-technical
stakeholder to make informed decisions regarding the
relative risk, the need for further studies, and potential
corrective actions that site development may entail.

Requirements for Karst Investigators
Based on jurisdictions that have requirements for karst
investigations, the recommended minimum qualification
for the karst professional investigator is as follows:

A Professional Engineer (PE) with a geotechnical
(civil) engineering specialty and 5-years of
experience in karst geology and/or hydrology;
(or)

A Certified Professional Geologist (CPG) with a
minimum of 5-years experience in karst studies
and engineering geology;

A statement of qualifications, signed and sealed, with
supporting documentation (e.g. resume, curriculum
vitae, etc.) should be part of the assessment report,
including a statement specifying that the investigator
meets the definition of a karst professional investigator
as defined above.

It is important to understand that a P.E. license does not
necessarily qualify an individual to be a karst investigator,
or make recommendations regarding engineering
solutions for karst geohazards. By the same token, many
licensed geologists have never had any formal training
or experience with engineering geology or geotechnical
engineering. Specific expertise and experience dealing
with karst issues is the most critical factor in designating
an individual as a karst professional investigator.

An example of a well-written definition of a qualified
karst investigator can be found in the Clarke County Va.
Karst Plan Requirements:

Geotechnical Engineer — A Virginia registered
professional engineer (PE) engaged in the
practice of Geotechnical Engineering, or a
Virginia Registered Professional Geologist
(PG) who is engaged in the practice of
engineering geology.

Although the definition of a “geotechnical engineer” is
somewhat of an exaggeration in the above statement of

qualifications, (i.e. an “engineer” needs to be licensed
to be called such, and a licensed geologist is not an
engineer although in the Clarke County regulation they
are defined as such), the intent is admirable. Where
the Berryville, Clarke County Va. statute falls short is
not requiring specific experience in karst. Thus, a PE
or CPG with little or no experience in karst geology
could theoretically sign and seal an investigation,
within which recommendations have been made that
could be poorly informed at best, or lead to disastrous
consequences at worst.

Finally, it cannot be emphasized more that karst is
not a uniform geomorphological process, and varies
considerably from region to region. A geologist or engineer
with experience in the relatively weak and collapse-prone
Tertiary carbonates of Florida may not be familiar with
issues affecting the stronger and more competent Paleozoic
carbonates of the Appalachian region, or the Mesozoic
carbonates of the Texas plateaus. Thus, it is important that
an investigator have specific experience in the regional
karst where the assessment is being conducted.

Definitions and Terminology

The lexicon of karst literature is among the most varied
and complex of the earth sciences, due to much of the
seminal work being carried out in non-English speaking
countries. Thus, myriad terms are often used for the
same structure (e.g. swallet, insurgence, sinking stream,
ponor, swallow hole, perte de riviere, all of which refer
to the same feature). As much of karst description is
typological in nature, the specific terms that are used to
describe a feature must be consistent and understandable
to both a professional reviewer and a non-technical user.
Thus, each assessment should include at least a brief
glossary wherein the specialized terms being used are
explained and clearly defined. The source reference for
this glossary should be the publication “A Lexicon of
Cave and Karst Terminology with Special Reference to
Environmental Karst Hydrology” published by the U.S.
Environmental Protection Agency (Field, 2002).

Recommended Scope of Services

The geologist or other qualified individual shall
undertake an inspection of the site area and prepare
an investigation report which shall include (but not be
limited to) the following elements:

a. Site description and terrain analysis;
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b. Description of published soils and underlying
bedrock and comparison to onsite observations;

c. Delineation of major surface drainages and water
features;

d. Location and delineation of major karst features
and drainages including, but not limited to:
sinkholes (both active and incipient), caves,
insurgences (swallow sinkholes), resurgences
(springs), losing streams, and potential for
“covered” karst (i.e. sinkholes lying beneath soils
cover);

e. Inferred locations of shallow bedrock (based on
evidence from rock outcrops)

The assessment should include a summary of findings,
with any recommendations made by the investigator
for additional studies which may include electrical
resistivity studies, seismic studies, subsurface borings,
or any other appropriate method to determine if the
proposed development may have negative impact on
human health, safety, property or the environment.

The findings should be summarized as follows:

No evidence of karst features — If the investigator
finds that the site is not underlain by soluble
bedrock, or there is no evidence of karst features
(including “covered” karst or pinnacled bedrock),
they shall so indicate.

Evidence of karst features — In cases where the
investigator finds evidence of karst features which
would be impacted by development, detailed
subsurface investigations shall be required within
a 100-foot radius of all areas where karst features
were identified, and along any linear trend of three
or more aligned features. For sinkholes, the 100-
foot radius shall be measured from their discernable
edge. At the completion of the investigation the
investigator should prepare a Karst Management
Plan and the developer directed to follow the
specific recommendation embodied therein.

Presence of karst features on the site which will not
be impacted — If no karst features are to be affected
by the planned development, there will be no need to
submit a stand alone karst plan. A statement should
be included in the Karst Site Assessment certifying
that no features will be impacted.
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Description of the Scope Elements

Site Description and Terrain Analysis

The investigator should describe the site, based on
examination of the closest topographic mapping available
and subsequent field observations. At a minimum, the
site topography should be referenced using the USGS
7.5-minute series topographic quadrangle; however it
is recommended that 2-foot contour maps or LIDAR
(Light Detection and Ranging) be utilized if available
(see Figures 2 and 3). In addition, stereoscopic aerial
photograph pairs and aerial photo fracture trace analysis
may be utilized. Any karst features visible on the
topographic map and remote sensing resources (i.e. caves
entrances, sinkholes, closed depressions, etc.) should
be noted and examined during the field reconnaissance
phase of the assessment.

The site description should also include a careful
delineation of the property’s metes and bounds, and its
current use and condition (i.e. vacant land, agricultural
land, developed land etc.). Any proposed changes to the
site, especially development plans, should be noted and
explained in the assessment report.

Description of Soils and Bedrock Geology

The investigator should access the National
Resource  Conservation  Service  soil  maps
for the project site using the web soil survey:
http://websoilsurvey.nrcs.usda.gov/app/HomePage.htm
Soils data should be examined for the site and adjacent
properties, with particular emphasis on the parent materials

Figure 2. Two-foot contour map of a project site,
showing a series of closed depressions (sinkhole) in
lineaments.



(i.e. whether the soils are residual or transported), their
hydrologic characteristics, and textural analysis. Certain
soils are noted in NRCS survey data as being “prone to
sinkhole formation”. These soils should be noted and
indicated in the final report. Areas underlain by these soils
should be carefully examined even if no closed depressions
or sinkholes are noted in the terrain analysis.

Understanding the soils is critical to predicting whether
sinkholes will form after a site has been “stripped and
grubbed” (i.e. cleared), as highly cohesive soils can
often create a “covered” or mantled karst condition
where numerous soil-filled or open conduits are
hidden beneath the seemingly homogeneous soils
cover. Upon removal of the vegetation, the soil will
begin to ravel, and previously undetected sinkholes
will begin to form.

Bedrock geology should be determined by referencing the
highest resolution geological mapping available, ideally at a
7.5-minute topographic quadrangle level. This information
can be found by accessing the USGS National Geologic
Map Database (ngmb.usgs.gov) or the websites of the local

Figure 3. Topographic Position Index (TPI) showing local
topographic concavity and convexity derived from a Tm
LIDAR elevation model and overlain on aerial imagery.

state geological survey. Dip and strike of the bedrock, and
any significant structural features (mapped faults, anticlines
or synclines, etc.) should be noted.

Field inspection should attempt to verify the mapped
soils and bedrock by comparison to the available
descriptions. Based on their field observation, the
investigator should note whether or not the soils and
bedrock conform to the published description(s). If
they compare favorably, then no further explanation is
required. If they do not, then a detailed description of
the differences should be provided.

Description of Surface Drainages and Water Features
The investigator should determine the drainage patterns
at the site by examination of the topography. The
investigator should also check to see if any publicly
available hydrological assessments have been performed
for the region of interest by state or federal entities.

The analysis of drainage patterns should determine if the
site has outlets (i.c. if drainage is directed offsite) or if
it is internally drained as these factors can profoundly
affect site planning, especially in regards to stormwater
management. Drainages to sinkholes should be clearly
delineated (Figure 4).

Figure 4. Example drainage map showing sinkhole
drainage areas. Note that the drainage area for sinkhole K1
is primarily outside of the site boundary (red line).
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The locations of perennial springs, streams and water
bodies (lakes, pond, etc.) should be noted. The locations
of losing streams (i.c. streams that lose water to the
subsurface through their bed), gaining streams, and
sinking streams should be carefully noted.

Location and Delineation of Karst Features

Prior to the field observation phase of the assessment,
the investigator should access available karst and cave
survey databases to determine if any features have been
previously located or mapped at the site or on adjacent
areas. The National Speleological Society (NSS) has survey
committees in most states where there are a significant
number of caves, and although the databases of these surveys
are technically proprietary, the surveys will share these data
with legitimate investigators to assist in conservation and
protection efforts. In addition, many karst features have been
located by the United States Geological Survey (USGS)
and the various State Geological Surveys, and are shown
on surficial geology maps, karst survey reports, and other
publications. Various state surveys have also published
compendiums of cave locations and descriptions in book
form, but these publications are seldom complete and need
to be supplemented by data that has been collected from the
regional NSS surveys. The NSS also has made available
through their publication bookstore numerous county level
cave surveys which should be accessed if pertinent to the
area of interest.

Finally, it is extremely helpful to interview the land owner
and/or neighbors regarding the location of any karst
features known to them that may exist on or near the survey
area. Residents may also know of sinkholes that have
been filled or obliterated, cave entrances that have been
physically closed, or other features not readily observable
during the site inspection. They may also have useful
information regarding locations of wet weather springs,
seeps, or ephemeral karst lakes and ponds (turloughs)
resurgences that are not present during dry weather
periods. Alternately, residents may know of locations
where water consistently collects and infiltrates into the
subsurface. Although anecdotal, it is to the investigator’s
advantage to examine and verify these observations.

Once the potential locations of karst features have
been accessed and noted, the investigator can begin the
task of field survey. The site should be examined by a
systematic traverse,and each previously identified karst
feature should be examined in the field as follows:
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Closed Depressions/Sinkholes — The locations of any
closed depression (CD) or area of closed descending
contours should be located and examined. The investigator
should describe the feature, noting the following parameters:

1. What is the general shape of the CD?

2. Is the CD actively forming (i.e. are there soil
tension cracks around the perimeter of the
structure?) or has most of the soil already raveled
into the subsurface? (See Figure 5A,5B)

3. Is the CD soil-lined or is there exposed bedrock?
(Figure 5C,5D)

4. Are there mature trees in the structure? What are
the estimated ages of the trees? (Figure 5C)

5. Does the CD have a “throat” or opening(s) leading
into the subsurface? (Figure 5D, 5E)

6. Is there any sign that the CD floods or that it is an
estavelle!, such as watermarks, saturated soils, or
outflow channel? (see Figure 6A, 6B)

7. Is the CD in a topographic position such that it
receives drainage from the surrounding area?

8. If the answer to question 7 is “yes”, does the CD
have an obvious drainage channel leading into it,
or does it accept only diffuse sheet flow drainage?

The CD should then be measured and delineated. This can
be done by the investigator using a hand-held GPS unit,
or the structure can be marked (“flagged”) in the field
and surveyed at a later time. The structure’s approximate
depth and circumference should be determined as closely
as possible and noted, as well as any “nesting” of smaller
depressions within the larger ones.

The investigator should be aware of any area where there
are signs that water is actively infiltrating into the surface,
as this may be an indicator of a subsurface conduit that
is soil-filled but receiving drainage (see Figure 7). In
this regard, distinct changes in vegetation can be a clue
if topographic is slight or absent. These areas should be
carefully noted and investigated if they are to be impacted by
proposed site development, as they can be the site of sudden
and catastrophic subsidence if not managed properly.

Caves — There is a cross-over between caves and
closed depressions and sinkholes, as cave entrances
are often located within the latter. However, a “cave”

1A sinkhole which acts as a spring during groundwater highstand
conditions, and an insurgence during low stand conditions.



is traditionally defined as an air-filled opening into
the subsurface large enough to allow the passage of a
human being. As caves are frequently the home for
rare, threatened and endangered species (RTES), often
contain important cultural and historic resources, and are
environmentally sensitive, it is imperative that they be
managed, conserved and protected.

The investigator should attempt to locate and examine
any mapped or reported caves on the site. Locations of
caves with entrances off-site that may extend beneath the
site being studied should also be noted. The majority of
significant caves have been mapped, and the investigator
should request maps for any onsite or adjacent caves
from the regional speleological survey of the NSS. A
plan view of the cave showing its route beneath the site is
useful to developing a karst management plan. A profile

Figure 5A. Actively forming cover collapse sinkhole in
granular sediments.

Figure 5B. Actively forming cover collapse sinkhole in
cohesive, fine-grained sediments.

Figure 5C. Mature, stable sinkholes in cohesive soils.

Figure 5D. Mature, rock-walled sinkhole with open
“throat” (i.e. cave entrance).

Figure 5SE. Soil-bottomed sinkhole with open “throat”. A

40’ deep vertical cave lies below the opening. This type of
structure is sometimes called a “natural frap”.
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Figure 6A. An estavelle in groundwater low-stand
conditions. Note the tell-tale water mark along the rock wall
of the structure.

view, showing the cave’s depth below the surface, is also
important, as caves that are located close to the surface
can present a risk to planned development. In contrast,
shallow caves can be more readily impacted by releases
of contaminants, redirection of surface drainage, and
grading activities (e.g. blasting, hoe-ramming, etc.).

As a cautionary note on-site caves should not be entered
by the investgator unless they are an experienced
spelunker and familiar with the methods and techniques
of cave exploration. Caving is an inherently dangerous
activity, and should never be done alone and/or without
the proper equipment. The local chapters of the NSS,

Figure 7. An area of snowmelt marking a closed depres-
sion where water was actively infiltrating into the subsurface.
This depression had a relief of less than 2-feet below the
surrounding terrain and was not indicated on the site civil
engineer’s 2-foot contour map. Subsequent Electrical Resis-
tivity Survey (ERS) showed the presence of a soil-filled throat
in the bedrock below the structure that was actively channel-
ing surface drainage into the subsurface.
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Figure 6B. The same structure as shown in Figure 6A
during groundwater high stand conditions. When this pho-
tograph was taken the estavelle was an active, ephemeral
spring with an outflow measured at 60 gpm.

called “grottoes”, generally are glad to help with an
assessment by exploring, photographing and mapping a
new or unexplored cave.

Karst Drainages and Hydrology — Places where water is
either entering the subsurface through a solution feature,
or exiting the subsurface through a resurgence (spring)
should be located and examined. The locations of perennial
springs are generally shown on 7.5-minute series USGS
topographic maps. In addition, the landowner or neighbors
may have knowledge of springs that have not been mapped
or previously marked. Spring flow rates should be measured
using accepted hydrological methods and reported.

Insurgences, sinking streams or valley drains (open
throat sinkholes that receive surface drainage through a
well-defined channel) should be located and described. It
should be noted that if a site is internally drained, and a
pre-existing insurgence is proposed for use as a discharge
point for stormwater, that it falls under the definition
of a Class V Injection Well, according to regulations
established by the US EPA, and should be registered
with the regional EPA office. Many states have their
own regulatory requirements for stormwater disposal
into sinkholes as well, and these should be checked and
referenced if applicable.

The determination of subsurface drainage patterns in
karst is a technically demanding and specialized activity,
and is typically beyond the scope of a preliminary karst
assessment. However, in many well-studied karst regions,
major drainages and features have been delineated



using dye tracing techniques, and the literature should
be searched by the investigator to see if any previous
studies have been conducted in or near the area where
the assessment is being performed. If ground water
monitoring is to be included in the scope of work, then
the investigator should employ the techniques embodied
in the US EPA guidelines for groundwater monitoring in
karst (Quinlan, 1989).

Finally, it should be noted that although they are not
natural features, abandoned quarries, drilled wells
and hand-dug wells all qualify as openings into the
subsurface, and often have direct connection to the
phreatic aquifer. As such, these features should also be
included in any comprehensive karst assessment.

Covered or Mantled Karst — In many karst settings there
is often a relatively thick stratum of cohesive soils lying
above the solution-modified bedrock, and these soils can
bridge over even air or water-filled conduits. Often there are
no obvious karst features to be seen in this type of natural
setting, however upon removal of the vegetation and topsoil
(i.e. stripping and grubbing) during the preliminary stages
of grading a site, cover collapse sinkholes will rapidly form
where there seemingly were none before (Figure 8).

Nevertheless, the identification of covered karst is often
dependent upon the investigator’s knowledge of regional

Figure 8. A pair of cover collapse sinkholes that opened
at a site under development after the vegetation and topsoil
was stripped. Open throat, air-filled conduits in the bedrock
were located at the bottoms of both of these features.

geology, soils, and prior experience with sites in similar
geological settings.

Although it can be difficult to locate specifically, if the
site is located in an area that the investigator suspects
where there may be covered karst conditions present,
this should be clearly indicated in the assessment
report as covered karst can cause significant delays in
construction, and increase the costs of site development
well beyond the client’s expectations. Therefore, it is
strongly recommended that the investigator include a
statement in the report’s opinions and recommendations
section as follows:

As indicated in this report, the bedrock and overly-
ing soil below the site are susceptible to sinkhole
development, and karst features are likely hidden
beneath the existing soil stratum. Risk associated
with sinkhole formation can be minimized during
development with proper foundation design and
construction, and the control of site hydrology. The
Owner/Developer must recognize, however, that

a risk of sinkhole-induced damage to foundations,
floor slabs, and pavements does exist. The Owner
must evaluate the risks and attendant costs of devel-

opment, and must be willing to accept them.

Location of Shallow Bedrock

The karst terrain is notorious for the presence of shallow
bedrock, often with large areas of exposed ledges and
shelves. This is particularly problematic due to the
fact that much of the carbonate rocks can be resistant
to scaling or scarping, and must be either rammed or
blasted during the grading process. Areas of shallow or
surface exposed bedrock need to be clearly delineated
and described in the assessment report.

In areas where the bedrock is steeply inclined, differential
solution activity can produce a “pinnacled” bedrock
surface, often with exposed bedrock ledges and deep
intervening “cutters” in between containing residual soil
(Figure 9).

The ledge and cutter terrain is often not considered a
sensitive environmental feature by site developers or
regional planners, however it can present a significant
impact to the subsurface environment if not managed
properly. Surface water can migrate rapidly along
the interface between the bedrock and the soil filled
interstice. During periods of extended drought, the soil

13TH SINKHOLE CONFERENCE NCKRI SYMPOSIUM 2 9



Figure 9. Excavated site cross-section showing pinnacled
bedrock with intervening soil-filled “cutters”.

fills in the cutters can shrink, and open voids (soil cracks)
will form, allowing surface water to plunge into the
subsurface, often with direct connection to the phreatic
aquifer (Figure 10). Turbulent flow along the interface
can also begin the process of soil raveling, sometimes
resulting in the sudden formation of sinkholes. In
many regions, especially those with cohesive, shrink-
swell prone clays, there is often a condition informally
referred to as “sinkhole weather” which is characterized
by extended dry weather or drought punctuated by
periods of heavy rain. Sinkholes will often form when
these conditions are present.

Finally, areas of a site designated for storm water
management BMPs, especially extended detention and/

Figure 10. The epikarst exposed in an abandoned lime-
stone quarry wall, showing steeply-angled open solution-
modified fractures extending down to the quarry lake. The
lake is representative of the local phreatic base-level, and
demonstrates how contaminants and surface water can
readily migrate to the underlying water table.
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or retention ponds or impoundments, must be carefully
examined for the presence of pinnacled bedrock.

Exposed pinnacles (Figure 11) can lead both to
uncontrolled infiltration of contaminants into the
subsurface from the base of the pond, or in the worst case
scenario, catastrophic development of sinkholes into
which the entire contents of a pond (i.e. water, collected
sediment and entrained contaminants) can be disgorged.
If pinnacled bedrock is present in these areas the users
of the assessment should be made aware of the condition
and the risks associated with it.

Exposed pinnacles (Figure 11) can lead both to
uncontrolled infiltration of contaminants into the
subsurface from the base of the pond, or in the worst case
scenario, catastrophic development of sinkholes into
which the entire contents of a pond (i.e. water, collected
sediment and entrained contaminants) can be disgorged.
If pinnacled bedrock is present in these areas the users
of the assessment should be made aware of the condition
and the risks associated with it.

Follow-Up Studies

If the planned site development will impact karst
features at a site, then follow-up studies will inevitably
be necessary to thoroughly characterize the impact and
help the developer and regional planners understand
the risks involved. These studies may include detailed
subsurface  investigations such as geophysical
exploration (e.g. electrical resistivity survey, seismic
survey, microgravimetric survey, etc.), borings, track
drill exploration, or any combination of the methods. It
should be noted that geophysical studies, in particular

Figure 11. Exposed bedrock pinnacles located in the
base of a stormwater detention structure in West Virginia.



electrical resistivity survey (ERS), require experienced
interpretation which can often be very subjective. In
addition, the use of ERS or other geophysical methods
without attendant rock probes (coring, track drill, etc.)
can often be misinterpreted; however coring or air
track investigations carried out without any supporting
geophysical evidence of subsurface structures can be
wasteful and expensive with little to show for the effort.
The two methods should always be used in concert with
one another.

The Karst Management Plan

A karst management plan should be prepared for any
sites where there is evidence of karst features (i.e. sites
upon which karst features are fully or partially located,
and/or which drain to offsite sinkholes).

The Karst Management Plan shall include (but not be
limited to) the following elements:

a. A karst feature inventory showing the areal
extent of each structure, and a (minimum)
100 foot radius buffer area around the
feature;

b. A topographic map prepared at a maximum
2-foot contour interval, with spot elevations
sufficient to determine low points or
discernible edges;

c. A plan prepared by a Geotechnical Engineer to
ensure structural stability of principal structures
proposed within 100 feet of a sinkhole or other
significant karst feature. The plan shall identify
tests that will be completed to determine
subsurface conditions.

d. Mitigation recommendations for each karst
feature requiring this action. All sinkholes
identified prior to construction should be either
mitigated or separated from construction.
Mitigation should be carried out under the
careful observation of the karst professional
investigator to confirm site conditions are as
predicated in the karst assessment study, and
to make necessary modifications to mitigation
measures in the event actual site conditions
differ from the estimated conditions presented
in the study.

e. The management plan should be reviewed
and approved by the county engineering and/
or planning staff prior to approval of site
development or issuance of plats.

Closure

It is our hope that this article may serve as a template
to assist investigators in conducting comprehensive
preliminary karst assessments, and helping jurisdictional
regulators, engineers and legislators in determining the
minimum elements that should be expected in a site
evaluation.

It should be emphasized that the scheme presented
herein is not intended to serve as a substitute for detailed
subsurface investigations, or to supersede any existing
karst regulations or codified protocols.
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Abstract

Installation of underground pipelines through unpopu-
lated land situated over pinnacled carbonate bedrock
can lead to the development of sinkholes. The forma-
tion of sinkholes beneath buried pipelines has the po-
tential of damaging the pipeline and more importantly
causing hazardous environmental incidents.

This paper presents a case history at a site where
significant sinkholes developed within and adjacent to
a 400 foot (112 meters) long section of high pressure
petroleum pipeline right-of-way that crosses under a
local creek in Plymouth Meeting, Pennsylvania.

Various geophysical investigation techniques consisting
of microgravity, multi-channel analysis of surface waves
(MASW), and two dimensional electrical resistivity
testing were performed in addition to confirmatory testing
borings to effectively evaluate the subsurface conditions
at the site. Three options were considered as a solution
to the active sinkholes present within the pipeline right-
of-way. These options include: 1) subsurface grouting
within the right-of-way 2) structurally supporting the
pipeline on a deep foundation system or 3) relocating the
pipeline to a less sinkhole prone portion of an adjacent
property. Following the investigation process, relocating
the pipeline in conjunction with pre-installation ground
improvements via subsurface grouting represented the
most cost-effective, lowest risk solution at the site.

Introduction

In January 2009 a sinkhole developed below an active
petroleum pipeline that crossed under a local creek in
Plymouth Meeting, Pennsylvania. Upon initial discovery,
it was reported that the sinkhole measured approximately
9 feet (3 meters) in diameter by 9 feet (3 meters) in
depth causing the pipeline to be unsupported across a
portion of the open void. Representatives of the pipeline
company filled in the sinkhole with various materials
that ranged from tree stumps to geotextile filter fabric

and well-graded aggregates as a temporary solution to
the problem. Following the temporary backfill measures,
the owner recognized the severity of the problem and the
need for the expertise of a geotechnical engineering firm.

Initially, a feasibility study was conducted to determine
the most cost-effective and best long term solution at
the site. The options considered include: 1) subsurface
grouting within the right-of-way 2) structurally
supporting the pipeline on a deep foundation system or
3) relocating the pipeline to a less sinkhole prone portion
of an adjacent property.

The first step in the study was to perform a site
reconnaissance and a stereographic aerial photograph
review. Due to the site being primarily wooded,
inconclusive results
photograph review. During the site reconnaissance, the
streambed was dry on each side of the pipeline crossing.
The stream bed remained dry for approximately 500 to
600 yards (457 to 549 meters) upstream of the sinkhole at
the pipeline crossing. Further inspection revealed a large
sinkhole had created a disappearing stream condition
upstream of the pipeline crossing. Photograph 1 shows
the large sinkhole upstream of the pipeline crossing.

were found from the aerial

The overall topography within the pipeline right-of-way
slopes gently to moderately downwards toward the creek
and sinkhole locations. Photograph 2 shows the area of
study within the pipeline right-of-way.

The overall topography within the pipeline right-of-way
slopes gently to moderately downwards toward the creek
and sinkhole locations. Photograph 2 shows the area of
study within the pipeline right-of-way.

Project Description and Background
During low flow conditions, the creek water disappears
into the upstream sinkhole leaving the downstream
side dry. During periods of steady rainfall, storm water
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Photograph 1. Sinkhole within creek bed.

Photograph 2. Pipeline right-of way crossing local
creek.

fills the large sinkhole upstream and continues to flow
down past the pipeline crossing. Numerous additional
sinkholes are present on the western bank of the stream
between the disappearing stream location and the
sinkhole at the pipeline crossing. At the conclusion of
the first phase of the investigation, it was evident that the
immediate region is highly active and warranted further
means of investigation.

Two separate geophysical investigation methods were
initially performed within the referenced section of
pipeline right-of-way and portions of the streambed
on each side of the right-of-way. The first method,
microgravity, provides a broad interpretation of the
subsurface conditions and the second method, multi-
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channel analysis of surface waves (MASW), provides
a linear profile of the subsurface below the pipeline.
The combination of the geophysical methods provides a
relatively accurate depiction of the subsurface conditions
within the area of study.

The microgravity investigation provides spatial coverage
of the investigation area. “Broad areas of higher gravity
indicate relatively shallow rock (potential pinnacles)
and broad areas of lower gravity indicate relatively
deeper rock (voids). In microgravity surveying, fractures
and faults are typically observed as linear low gravity
anomalies because the fractured rock tends to be less
dense than the bounding non-fractured rock” (Lee, 2012,
email communication).

The study conducted at the site consisted of recording
microgravity readings in a 10 foot (3 meters) by 10
foot (3 meters) grid pattern. Features such as voids in
the bedrock and/or weak soil conditions appeared in
sharp contrast to dense soil or bedrock. In addition,
potential faults and fracture traces were also generated
from the microgravity investigation. The results of the
microgravity readings at each grid station are plotted
in color and a microgravity contour map is generated
to provide a clear interpretation of the subsurface
conditions to the viewer. Figure 1 shows the results of
the microgravity investigation.

The results of the microgravity investigation clearly
depict that subsurface conditions in the vicinity of the
2009 sinkhole location are highly variable with dense,
shallow rock on the eastern and southern side of the
creek and less dense, deeper overburden soils on the
north and west side of the creek. Interpretation of the
survey also revealed the presence of a potential fault that
trends in a general northwest-southeast lineation. The
fault extends between the pipeline and the northern edge
of the pipeline right-of-way where the deeper overburden
exists. Consequently, a majority of the sinkhole activity
is on the north side of the fault. Two parallel fractures
also exist in line with the creek and perpendicular to
the fault line. It is significant to note that sinkholes
have an increased risk of development in proximity to
the intersection of fractures and faults in the underlying
bedrock. Accordingly, at this site, sinkhole locations
coincide with the location of intersecting fractures and
faults. Further exacerbating sinkhole activity is that the
topography generally slopes downwards in all directions



Figure 1. Microgravity results.

toward sinkhole areas. The sinkholes are also at an
apparent transition location between the shallow dense
rock on the south and east side of the pipeline and deeper
and less dense rock on the north and west side. Competent
bedrock tends to be a barrier to stormwater infiltration
such that during a period of surficial stormwater flow
over the sinkhole area, the infiltrating stormwater deflects
off the shallow, pinnacled rock surface and carries away
loose soil and rock material to accelerate the sinkhole
activity (Lee, 2010).

Following the microgravity investigation, the secondary
geophysical method consisting of MASW was
performed adjacent to the existing pipeline. The MASW
method was used to provide a linear geophysical profile
of subsurface conditions directly below the pipeline.
The MASW could not be completed within the stream

channel where rip rap was present. The MASW profile
was generated from the interpretation of shear wave
velocities generated by striking a plate attached to the
ground. Geophones, spaced along selected intervals
of the array record shear wave velocities as function
of distance from strike point. From this data, material
properties and depth to bedrock were estimated (Lee,
2010). The results are presented in Figure 2. After the
completion of the geophysical investigations, 13 test
borings were performed in proximity to open sinkholes,
over anomalous subsurface conditions identified in the
geophysical surveys, and where dense shallow bedrock
was interpreted to exist. The intent of the test borings
was to verify the conditions found in the geophysical
investigations. Standard Penetration Tests (SPT) were
performed at regular intervals throughout the borings
until auger refusal was achieved. Following refusal
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Figure 2. MASW results on western side of creek.

on the bedrock surface, rock coring was performed to
evaluate the condition of the underlying bedrock.

As expected from the geophysical testing, the results
of the test borings revealed highly variable conditions.
The depth to bedrock ranges from seven feet beneath
the existing ground surface to in excess of 70 feet (21
meters). The large variation in depth to bedrock exists
in two test borings drilled approximately five feet (1.5
meters) apart. Interpretation of a boring drilled near the
2009 sinkhole location and near the pipeline revealed
an 11 foot (3.3 meters) continuous void in the bedrock,
starting at three feet below the soil/bedrock interface.
This void was encountered during the rock coring
operation. In areas where subsurface anomalies were
found in the geophysical investigation, the test borings
confirmed voids in the subsurface. Figure 3 displays
the relationship between the results of the microgravity
investigation to the conditions found in the borings. The
test boring results are displayed on a subsurface profile
situated above a plan view of the microgravity results
in Figure 3. This figure shows the strong correlation
between the two methods and confirms the advantage of
using microgravity to determine subsurface conditions.

As a result of the conditions found in proximity to the
pipeline by the geophysical investigations and confirmed
by the test borings, an emergency “stopgap” grouting
operation was performed utilizing a permeation grout.
This stopgap grouting program was developed in an
attempt to minimize the potential of failure below the
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pipe while a long-term solution could be determined.
A permeation grouting method was chosen based
on criteria of attempting to fill voids/fractures in the
bedrock as well as minimizing the potential for heaving
the active pipeline. The permeation grout consists of a
high slump neat cement that can easily flow into fissures
and fractures at the soil/bedrock interface. Due to the
clayey nature of the overburden soils, grouting was only
intended to fill voids in the bedrock. During the grouting,
no backpressure was recorded indicating a significant
sized void was accepting the grout. A total of 40 cubic
yards (12.1 cubic meters) of grout was injected into the
subsurface without recorded backpressure.

The results of the geotechnical investigation revealed
that active sinkhole conditions were present in the
existing pipeline right-of-way. As part of the scope of
work, a budgetary value of $600,000 was estimated for
a remedial grouting operation within the pipeline right-
of-way. Due to the extensive voids found in the borings,
the large amount of grout required during the stopgap
grouting operations, and the potential for extensive
active sinkhole conditions near the pipeline, concerns
were raised that the grouting costs could easily exceed
the budget estimate. Therefore, a subsurface grouting
program within the existing right of way was considered
to be cost-prohibitive. Furthermore, due to the variable
subsurface conditions and depth to competent bedrock
found within the right-of-way, a deep foundation system
to structurally support the pipeline was not considered
viable due to the high costs associated with this option.



Figure 3. Test boring profiles results and a plan view of the corresponding microgravity results along the creek

perpendicular to pipeline.

At that juncture, options to investigate relocating the
400 foot (122 meters) long section of pipeline to a less
sinkhole prone location were evaluated. A triangular
shaped, undeveloped tract of land is situated directly
south of the 400 foot (122 meters) long section of existing
pipeline. Once permission was granted to investigate
the land to the south, a second phase of work at the site
commenced.

Since the purpose of the second phase was to evaluate
an optimum route to relocate the pipeline, a proactive
approach was taken. The new process consisted of
performing an initial microgravity survey in a grid
pattern to spatially identify subsurface conditions.

After evaluation of the microgravity results, a proposed
pipeline alignment was selected in areas identified with
shallow rock and minimal anomalies. Figure 4 displays
the results of the microgravity results within the available
land to the south of the existing right-of-way and the
proposed pipeline relocation route.

After the preferred relocation alignment was chosen,
MASW and two-dimensional electrical resistivity
(2D ERI) surveys were conducted to provide a linear
profile of the subsurface conditions beneath the new
alignment. The 2D ERI was used in areas of steep slopes
or undulating ground surface. Following the geophysical
surveys, test borings were drilled at anomaly locations
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Figure 4. Microgravity results included with MASW & 2D ERI locations over the proposed realignment route.

Figure 5. Test boring locations conducted in realignment route.
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identified in the new geophysical testing. Figure 5
displays the test boring locations chosen based on the
geophysical testing. Analysis of microgravity data from
the new alignment revealed that relatively shallow and
dense rock was present with isolated anomalies in most
of the new alignment. However, analysis of the 2D ERI
and MASW data in the relocated alignment revealed low
density bedrock in the initial 70 feet (21.3 meters) of the
proposed new pipeline in the vicinity of boring B-111
shown in Figure 5. Additionally, isolated anomalies are
located along the remainder of the proposed relocation
route. As before, strong correlation was found between
the geophysical data and the new boring data.

Within the initial 70 feet (21.3 meters), a medium
dense fine grained clayey soil was encountered
above the rock surface. However, soil seams, voids
and generally poor quality rock were found in the
bedrock. Along the remainder of relocation route,
some isolated areas of weak soil, voids in the bedrock
and poor quality rock exist. Further complicating the
new alignment is that poor quality carbonate rock is
more susceptible to dissolution and weathering than
higher quality rock.

Analysis of the data recorded during the field
investigation for the new alignment indicated that
a ground modification program is required. The
recommended program consists of a subsurface
grouting program along portions of the proposed
relocation route prior to installation of the new pipeline.
The grouting program is required within the initial 70
feet (21.3 meters) of the new pipeline location as well
as in areas where the isolated anomalies exist. A grout
curtain is to be installed along a portion of the right-of-
way where a fracture trace exists. Since sinkholes have
a tendency to develop over fractures in the bedrock,
the grout curtain is expected to reduce the potential
of sinkhole development by cutting off potential flow
path(s) in the underlying bedrock.

The recommended subsurface grouting program is based
on the level of risk for potential sinkhole formation
identified through the geophysical investigations and
test boring operation performed. In areas that possess
the greatest risk for sinkhole activity, targeted grouting
is recommended to be performed in a grid pattern around
the identified features. In order to further reduce the risk
for sinkhole activity, additional compaction grouting is

recommended in between the targeted locations, every
10 feet (3 meters) on center below the centerline of
the proposed pipeline. Figure 6 displays the proposed
grouting location plan.

The grouting program is recommended to be
performed in phases. As shown in Figure 6, the black
circles display the phase 1 grouting locations and the
red triangles display the phase 2 grouting locations.
The phase 1 grouting locations consist of installing
casing into the bedrock where voids, soil seams, or
poor quality bedrock is located. Grouting during the
phase 1 operation extends from the voided areas within
the bedrock to a depth of 2 feet (0.6 meters) below
the proposed bottom of trench elevation. During the
phase 2 grouting, the casing terminates at the soil/
bedrock interface and extends upward to the same
depth criteria referenced for phase 1. Within the initial
zones for each application, a higher slump material
is used to allow the grout to permeate into the voids/
fissures and fractures within the bedrock. As the grout
casing is raised into the overburden soils, the slump
is adjusted to create a low mobility grout similar to
compaction grout. The pumping rate is maintained at
1-2 cubic feet per minute (0.3 to 0.6 cubic meters per
minute) since a high injection rate can cause hydraulic
fracturing (Warner, 2004). The grout volume injected
per 2 foot (0.6 meters) stage is recommended based on
the backpressure recorded at the given depths. Table
1 provides the recommended pressure versus grout
volumes per 2 foot (0.6 meters) stage.

A typical subsurface density profile over carbonate
bedrock suggests that the upper crust close to the ground

TABLE 1. Grout volume cut-off criteria.

Recorded Volume of Grout
Backpressure to be Injected
0-50 psi 1.0 yd3/stage

(0 - 344.7 KPa)

(0.764 m3/stage)

50-300 psi 0.5 yard®/stage
(345-2068 KPa) (0.382 m¥/stage)
300-400 psi 0.25 yard®/stage
(2068 — 2758 KPa) (0.191 m¥/stage)
> 400 psi Pressure cut-off —
(2758 KPa) raise to next stage
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Figure 6. Proposed grouting location plan within realignment route.

surface is typically characterized by stiffer clayey
soils. As the depth increases, a decrease in stiffness or
density and a gradational change from fine grained to
more coarse soils is typically found above the fractured
carbonate bedrock surface. When steel casing from the
grouting program is installed to the bedrock surface,
the grout is expected to flow easier into the typical
fissures and fractures at the soil/bedrock surface. The
intent is to seal the open “throat” in the rock surface.
As the steel casing is raised into the lower zones of the
overburden soils, a low mobility displacement grout is
used to densify surrounding weak zones of soils and
fill any remaining voids that exist near the soil/bedrock
interface. Within the zones of the weak soils, it should
be expected that the higher volumes of grout will be
experienced. As the casing is raised into a denser soil
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matrix and grouting continues, a decreased volume of
grout injection is expected due to the denser soils and
higher backpressures. Figure 7 displays the expected
results of the recommended grouting operation.

Conclusions

This paper shows that geophysical testing using
microgravity, MASW, and 2D ERI can predict the
occurrence of active sinkholes in pinnacled carbonate
bedrock. If subsurface grouting is being considered
as a method for sinkhole stabilization or treating
sinkhole prone site, a comprehensive geophysical
and geotechnical investigation will significantly aid
in developing an effective scope of work for the
project by identifying specific areas and depths requiring
ground improvements. The information gathered is also



Figure 7. Conceptual sketch of grouting. Base sketch used to show grout from J.P Wilshusen & W.E. Kochanov,

The Geology of Pennsylvania, 1999.

instrumental in developing a cost estimate for the ground
improvement work. Furthermore, by basing the volume
injected on the grout backpressure recorded at each stage,
a more efficient grouting operation can be expected which
may limit the potential for future sinkhole re-occurrence. By
engaging a geotechnical engineering firm in the early stages
of project development it is possible to provide options to
reduce the risks of sinkhole development and reduce costs
for potentially problematic sinkhole recurrence.
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Abstract

Compaction grouting is a widely used method for
sinkhole remediation. It is generally less costly than
other methods of remediation and provides a less
intrusive method of repairing adverse subsurface
conditions. However, we believe that many engineers in
preparing specifications and contractors in construction
practice have improperly applied compaction grouting
as amethod of remediation. In some cases, improper use
of compaction grout has resulted in the deterioration of
marginal subsurface conditions significantly increasing
the cost of repair and inconvenience to the homeowner.
Another consideration in the selection of compaction
grout is the occurrence of subsurface conditions in which
deep foundation support should be used rather than the
seemingly less expensive compaction grout method.
This manuscript discusses techniques in the proper use
of compaction grouting and the precautions that should
be taken before, during and after compaction grouting.
It also discusses potential conditions when compaction
grouting should be supplemented or replaced with deep
foundations. Included in the manuscript are compaction
grouting case studies and recommendations for the
proper application of compaction grout.

Introduction

Compaction grouting is a common method used to
remediate homes affected by sinkhole activity. It generally
provides a relatively fast, effective and economical
method of soil improvement. The compaction grouting
process consists of injecting, under high pressure, a stiff
mortar-like grout into the ground to displace, fill voids
and compact the surrounding soil. The common practice
is to apply compaction grout from the rock surface
upward (upstage grouting) by building successive
segments of grout such that one segment rests on the
segment below until the grout reaches the desired depth.
Fundamental to the success of the grouting procedure
is deposition of the grout in a globular mass (typically
either columnar or tear-shaped) at each injection location

(Warner, 2004). In theory, the volume of grout placed
in the ground will cause an increase in density in loose
sandy soils as the expanding grout displaces soil and
thus compacts and increases the strength of soil between
the successive grout columns. Although some benefit
will be obtained from the compressive strength of the
grout columns placed typically six to ten feet apart but
terminated 10 to 15 feet (3.0 to 4.6 meters) below the
ground surface; however, the primary use of this method
is for soil densification through compaction. Another
function of the grout is to seal any seepage paths that
may exist at the rock soil interface.

Grout Application Problems

Detracting from the benefits of compaction grout are
problems that occur when grout is placed at a high flow
rate causing hydraulic fracturing of the soil. In this
instance, high pore pressures develop that cause the soil
to fail in an undrained state, remolding the soil into a
liquefied mass that moves in response to the high pore
pressures generated by the rapidly expanding grout front
(see Figurel).

The hydraulic fracturing interferes with the orderly
compaction process and can cause damage in the
building under which grout is injected and in nearby
buildings. Damage to overlying structures can be caused
by the increase in overburden weight from the soil that
has been intruded by lenses of grout as shown in Figure
1. The increase in soil weight can sometimes result in
settlement of the building being remediated. Nearby
buildings can also be damaged from the intrusion of
grout into utilities and into the building.

Some assert that contactors monitor heave while
pumping and pumping can be stopped when movement
is seen. This sounds reasonable in theory but in practice
there are a number of problems. First, there is a time lag
from the time the inspector happens to notice movement
till the time he communicates that to the pump operator.
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Figure 1. Adverse effects of high flow rates.

Second, once movement starts it may continue for
a period because of pressure in the formation. Third,
when movement occurs, even if it stops when pumping
is stopped, it may be too late, the building can be
immediately damaged.

These problems, in many cases, pale relative to the
greatest impetus to increase grout flow rates, to the
highest possible rate. This is the increased cost for
pumping grout at low flow rates. The lower flow
rate increases the time required to complete the
grouting hence labor and equipment costs increase
for the grouting contractor and for inspection.
Costs for supply of grout also increase because of
the increased time to use the grout. Typically, most
contracts adhere to ASTM C94 requirements for
discharge of the concrete within a 1% hour period
from batch to placement. If this time is exceeded
the concrete cannot be used. This means that instead
of the grout supplier providing 10 cubic yard trucks
they must deliver grout in 5 cubic yard trucks. This
obviously decreases the supplier’s efficiency and
therefore increases cost.

A significant part of the grouting procedure is that no
one actually sees the completed product—it is unseen
below the ground surface. Only when something goes
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wrong such as damage to the home, grout deposited in
a neighboring property or settlement sometime after
completion of remediation is the grouting procedure
questioned. By that time it is too late to correct the
problem; all that can be done is deal with the difficulty and
conclude that this is one of the shortfalls of compaction
grouting. The delay in determining if the grouting was
successful is a concern for all and is minimized by the
procedures discussed.

Recommended Methods of
Resolving Grout Flow Problems

A solution to the dichotomy of cost verses compaction
grout quality that considers both technical and economic
factors is to determine the critical flow rate at which
hydraulic fracturing occurs in soft soil areas. This is done
by increasing the flow rate until a decrease in grouting
pressure occurs (presumed to be the onset of hydraulic
fracturing of the soil). The procedure is performed in
known areas of soft soil found in existing borings or at the
location of soft soil conditions found in the newly installed
grout holes. The production flow rate is determined based
on a value of 90% of the flow rate that causes a decrease
in pressure or in any area where an increasing flow rate
results in a decrease in pressure. In other areas, with
different soil properties, a flow rate of 5 to 7 cubic feet per
minute (0.142 to 0.198 cubic meters per minute) is used.



Variable Soil and Rock Conditions

It is important to use all subsurface information that is
available to analyze the diverse conditions that occur in
karst terrains. To determine potential areas where soft soil
conditions may be present for use of the low flow rate, it
is recommended that consideration be given to the depths
to sound rock found in the grout drill holes. Figures 2
through 5 show two sites where grout hole information
is known. The point in illustrating this data is to show
the stark difference in the interpretation that occurs
when additional information is available. Compare the
differences in the depth to rock found from grout holes
where rock information is on 10-foot (3.0 meter) centers
as opposed to information obtained from SPT borings
where distances between data points are very great. The
grouting data points show the extreme variability in the
rock surface that was not found in the SPT data. Therefore,
the advantage in using grout hole data is that one can
anticipate where soft soil conditions may occur—in karst
areas this is common in locations of abrupt changes in
depth to rock. The lower grout flow rates should be used
in areas of abrupt changes in depth to limestone.

When Not to Use Compaction Grout
If more than several inches of settlement have occurred
in a structure, lifting a building component should be
accomplished through means other than compaction
grouting such as by use of pin-piles (small diameter piles
commonly referred to as mini-piles, micro-piles and pin-
piles having a diameter from approximately 0.3 to 1 feet
[0.1 to 0.3 meters]). Small adjustments for settlement
can be accomplished by the use of chemical grout
(polyurethane foam in low viscosity liquid form pumped
at low pressure into cohesionless soils) where loads and
the amount of lift are small. However, larger lifts may
be accomplished with chemical grout on some slabs with
moderate loads depending on geometry and loading.

As a side note, an often-overlooked property in the use of
pin-piles is the quality of the rock material used to support the
piles. The limestone rock surface tends to be highly solutioned
and weathered resulting in a surface of questionable integrity
to support a load. Unfortunately, the quality of the limestone
rock used to support the pin-piles is often not properly
investigated to determine its competency. Figure 6 provides
an illustration of a typical limestone surface that may be
encountered for support of pile loads. When these conditions
are anticipated, an additional subsurface investigation should
be performed to determine the integrity of the rock.

Figure 2. Depth (in meters) to sound rock from
borings in Site 1 (no horizontal scale).

Figure 3. Depth (in meters) to sound rock from
grout holes in Site 1 (no horizontal scale).

Figure 4. Depth (in meters) to sound rock from
borings in site 2 (no horizontal scale).

Figure 5. Depth (in meters) to sound rock from
grout holes in Site 2 (no horizontal scale).
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Figure 6. Typical limestone surface.

When large thicknesses of very soft (weight of hammer/
weight of rod, WH/WR) soil conditions are found in
the order of greater than 20 feet (6.1 meters), a cost
comparison should be performed to determine which
method is economical. The analysis should include the
cost for pumping grout at reduced flow rates and the cost
for additional investigation of the quality of the rock
surface to support a pile load.

Other Considerations

The use of compaction grouting is directed to remediating
soft soil conditions; however, in doing so, areas of dense
soil will inadvertently be subjected to compaction grout.
The net result is that the grouting process may loosen
these areas. When large areas of dense soil are known to
be present on a site, the extent of the grouting program
should be re-evaluated after grout hole data is available
to determine the grouting effort to be used in the various
grout holes.

Conclusions
It has been discussed that:

1. The use of high grout flow rates results in
unacceptable lateral displacement of the grout
extending in lens-like fashion to substantial
distances beyond the point of placement. This
causes remolding of the soil greatly adding to
the weight of the composite grout-intruded soil
(Figure 1).

2. A production flow rate should be determined
based on a value of 90% of the flow rate that
causes a decrease in pressure in soft soil areas or
in any area where a decrease in pressure is found.
In other areas a flow rate of 5 to 7 cubic feet per
minute (0.142 to 0.198 cubic meters per minute)
is used.
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3. The net increase in soil weight, due to a high
flow rate injection, can cause settlement of the
underlying soil and the building foundation
supported by the soil (Warner).

4. Compaction grout is not a process where the
weight of the building is supported on a column of
grout; it is a process where compaction of the soil
occurs from the inclusion of a volume of grout
between successive grout columns compacting
the soil and increasing soil strength. The strength
of compaction grout is only required to meet or
exceed the in situ soil.
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Abstract

Karst can cause a litany of problems for a windpower
project, and it is good practice to evaluate karst risk
before proceeding with a proposed project. Windpower
projects involve widely-spaced structures with small
footprints that can cost $2 million to $5 million each.
Financial viability can prove difficult, so it is important
to find useful, inexpensive procedures for evaluating
karst risk. The karst-risk-review process we have used
can be split into the two categories outlined below.

Desktop studies:

e Search for relevant literature

* Review aerial-photo and map, and analyze
lineament

» Search for existing well and boring logs

» Survey local experts—landowners, U.S.
Geological Survey, state geological survey,
cavers, etc.

Field studies:

* Perform site reconnaissance
*  Conduct pit tests if bedrock is shallow

* Drill—A normal geotechnical investigation
includes one boring per turbine, while karst
investigations may include multiple borings per
turbine

* Use a downhole camera—May be useful in
evaluating extent of voids and convincing clients
of risk.

* Conduct geophysical studies

Effectively communicating with developers is critical.
They want to know the location of the problem sites and
may ask, If there is a cave, what is the chance that a
turbine will fail? The geo-professional needs to do the
following effectively:

» Explain the short-term (collapse) and long-term
(settlement) risks, and mitigation options

* Explain the uncertainty
* Negotiate liability
* Costs of investigation and mitigation

* Get developers to determine how much to spend
while understanding how much incremental-risk
reduction they will receive

The discussion of karst risk should be ongoing and
investigations may proceed on a step-by-step basis as new
information is gathered. It’s important to determine whether
to investigate all sites underlain by a potentially karstic unit
or try to rank the sites based on risk before focusing the
investigation on those with potentially higher risk. Per-
turbine karst investigation costs can easily reach $20,000
and more, so investigating each site in a 100-turbine
development can be a significant commitment. When
possible, start karst evaluation early, manage available cash
with a stepwise approach, and communicate.

Introduction

There are no clear-cut approaches for measuring
or mitigating karst risk. Unlike flooding risk and
seismicity risk, karst risk is not addressed by the Federal
Emergency Management Agency or the USGS. Karst
may or may not be addressed by local building codes.
Karst-risk assessment is further complicated by the
remote, sparsely-populated, and undeveloped areas that
are often chosen for wind farm sites. In these areas, there
is a limited frame of reference for observing subsidence,
fewer eyes observing the ground, and, normally, no
reason for anyone to care about sinkholes. A sinkhole in
downtown Miami gets more attention than a sinkhole in
rural Texas.

Karst can lead to a wind turbine tilting and even toppling.
Also, subtle differential settlement of even 3 centimeters
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across a 1 5-meter-wide wind turbine foundation can cause
the turbine to be out of tolerance and lead to expensive
and time-consuming remedial action. Turbines need to be
widely spaced for optimum performance (see Figure 1), so
each proposed turbine location may need to be evaluated
independently for karst risk. An installed turbine can cost
$2 million to $5 million, so the liability is high.

Figure 1. Typical wind farm. Note widely-spaced
wind turbines in a remote setting.

Figure 2 is a section of a turbine illustrating the major
forces: the wind load, dead load, lateral load, and
overturning moment. Turbines have relatively low dead
loads but relatively high overturning moments. While
there are several types of foundations that can be used,
the most common by far is the spread footing shown on
Figure 2. The discussion in this paper generally assumes
and relates to the use of spread footings. Note that the
overturning moment is such a significant factor that
ground strength rarely affects the foundation diameter.

Commercial scale windpower projects typically include
10-100 turbines. Employing a common foundation
design across the project aids in the economic viability.
When a project requires customization of a foundation
or foundations to address site-specific conditions, the
economics of a project can become untenable.

Figure 3 shows the basic timeline for building a typical
wind farm. Once a promising site is identified, several
years are spent completing the development phase.
When a project enters the development phase, it is still
relatively speculative and available funds are limited.
As a project moves along the development process—
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stepping forward toward viability—more funding
becomes available. The additional funding affects the
karst-evaluation process. Karst evaluation should be
stepwise so the early karst evaluation phases can be
completed inexpensively, and the more expensive phases
are done later when more funding is available.

If possible, the karst professional needs to educate the
developer and work with him/her to use funds efficiently.
Note that many developers structure projects so that the
geotechnical investigation and foundation design are
packaged with the construction. In these cases, the issues
and implications of karst may come as a surprise, at a point
when there is no turning back—the turbines have typically
already been purchased. Once in construction, a client has
little patience — “just tell me what to do”, is the common
reaction, until faced with what karst evaluation can cost.

—>

!
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—

Figure 2. Typical turbine section and major forces.
Spread footings are most common. Hub heights 80-
100 m (but can go up to 120 m); foundation width
15-22 m; foundation embedment 2-3 m; overturning
moment: 35,000 kN*m - 110,000 kN*m; dead load:
1,850 kN - 5,100 kN



Figure 3. Timeline for developing and operating a typical wind farm.

This paper will address:

* the typical karst investigation methods
» the ways karst risk can be mitigated

e the issues that must be addressed in
communicating with the client

» some brief project examples
Investigation Methods
Keeping a windpower project financially viable can

prove difficult, so there is pressure to find useful ways
to evaluate karst risk while keeping costs under control.

We have followed a commonly used program (Fischer et
al. 1987 Roux, 1987; Tonkin & Taylor LTD, 2011).

Not every tool is necessary or appropriate for every site:

Desktop studies:
e Literature search

» Aerial-photo and map review, lineament analysis
» Existing well and boring logs search

* Survey of local experts

Field studies:

e Site reconnaissance
e Pit tests
*  Geophysics

* Dirilling (may include downhole camera and
downhole mapping methods)

These methods are listed, approximately, in the order
of increasing cost. Because of their cost, drilling and
geophysics are usually not undertaken until late in
the development process or once the project goes to
construction. Hence, available geologic information,
especially from geological surveys, is often extremely
useful and low-cost.

Literature searches are commonly used on all manner of
geologic studies, and there is no need to discuss them
further here. One example of something that may be
identified at this stage is a stratigraphic correlation to
karst occurrence. For example, much of southeastern
Minnesota is underlain by carbonate bedrock, but in
Mower County the karstification is most developed in
the Lithograph City Formation (Green et al., 2002).
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Well logs are a valuable source of information. More and
more, states are making water-well information available
online. Some examples include:

» Jowa - http://www.igsb.uiowa.edu/about/geosam.htm
*  Minnesota - http:/www.health.state.mn.us/divs/eh/cwi/

Using remote-sensing techniques is another investigation
method with a long history. Maps often show the locations
of karstic features, especially springs and sinkholes
(Figure 4). USDA Natural Resources Conservation
Service soil mapping also includes sinkholes and other
karst features for many areas and is available nearly
nationwide in GIS format at http://websoilsurvey.nrcs.
usda.gov/app/HomePage.htm. Trained and experienced
staff can review aerial photographs and topographic
maps for apparent karstic features. Today, much of this
information is available online, but it is still important
to look for historic aerial photographs so the site can be
viewed from different perspectives relative to the season
and time of day. Modern methods such as interferometric
synthetic aperture radar and digital elevation models
may be particularly valuable.

Figure 4. Map of proposed wind farm development
area showing mapped karst features and one example
of lineation of features.
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Karst features tend to form along pre-existing fractures,
and epikarst development associated with the deeper
karst is commonly why lineaments are expressed on the
ground surface (Lattham and Parizek, 1964; WVGES,
1979). While it is hardly definitive, a lineament analysis
should be conducted, where appropriate, to identify
potential high-risk areas (Figure 5). Some geologic
terrains have relatively thick soil covers unrelated to the
bedrock that can obscure bedrock lineaments. Lineament
analyses have limited or no application in these areas.

There is more than one type of karst, and investigations
and mitigation must be appropriate to the local
conditions. Local experts are a significant source of
information. A good example is co-author Ken Johnson,
whose experience in Oklahoma with evaporite karst
was invaluable in evaluating evaporite karst risk at the
Watonga project in Oklahoma (Johnson et al., 2013). In
addition to geological surveys, other geologic experts
can be identified during literature searches or found in
local colleges or consulting firms. Non-technical sources
can include landowners and speleological societies.
These non-technical sources can be unreliable and/or

Figure 5. Map of a Scurry County, Texas Wind farm
project area showing mapped lineaments. Labeled
dots are proposed turbine locations.



uncooperative because landowners may be concerned
about the effect of karst on their land value, and cavers are
often reluctant to share private mapping with outsiders
or may be philosophically opposed to the project.

Site reconnaissance is important for the general
characterization of the area. It may also identify karst
features near or at individual turbine sites. Classic
geological field techniques and experience with karst
are important because so much cost and risk can be
based on early findings and decisions. If possible, access
to quarries is especially valuable even if outside the
immediate project area.

Where bedrock is shallow, test pits can be useful in
evaluating the bedrock surface and investigating the
nature of depressions to determine whether or not they
are related to karst formation.

A normal geotechnical investigation includes one 15- to
25-meter deep boring per turbine. This depth is about
equal to the width of the turbine foundation, and the
depth is chosen based on the vertical stress induced by
the foundation (Das, 2010). Karst investigations may
include multiple borings per turbine. The question is,
how many are required to assess karst risk? Advanced
geotechnical modeling can provide an indication of
the size of void verses depth that may be problematic.
However, modeling is expensive, especially if conditions
vary across the proposed wind farm, requiring multiple
models. The cost of drilling multiple borings per turbine
quickly increases the cost of investigation.

Adownhole camera can be used in conjunction with drilling.
This can be especially useful in convincing the client that
there is a risk. Although not used by these authors, laser
scanning and 3D mapping may also prove useful.

The use of geophysics in karst evaluations is well
studied and reported, and it is regularly addressed at
karst conferences (Beck and Wilson, 1987; Beck and
Stephenson, 1997; Beck, 2003), including this one. No
single technique works everywhere. Ground penetrating
radar is one of the most widely-available geophysical
tools, but it rarely attains a useful depth of penetration;
the base of a turbine foundation is typically 2 to 3 m
below grade. In fact, most geophysical methods lack the
fine resolution required to characterize risk. A relatively
small void occurring 4 m below grade could be difficult

to image, yet it would pose significant risk to a turbine.
In many karst areas, soil piping presents a major risk for
the creation of a void that doesn’t currently exist. At its
best, geophysics identifies anomalies. The nature of the
anomalies must then be determined through drilling.

Risk characterization has a number of questions:

» s the subgrade potentially subject to karst
formation?

* Are there any known karst features in the region?
» Are there karst features in the project area?

» Are there karst features at the proposed turbine
sites?

The results at each stage of evaluation are used to
determine if more investigation is required and, if so, the
scope of the next phase.

One of the most difficult situations is where there is
shallow carbonate or evaporite bedrock and no evidence
of karst from the desktop phase or reconnaissance. The
lack of evidence does not mean there is no risk. The
question then is, how much investigation is required?
Lineament analysis has been used to identify areas
with higher potential risk. Then, intense investigation
can be completed in these areas. If no subsurface voids
are found, it may be acceptable to forego further karst
investigation in other areas.

Risk mitigation

Once karst risk has been confirmed and characterized,
mitigation must be applied. More than one method of
mitigation may be used on a windpower project. There
are several ways of mitigating karst risk:

*  Move the turbines at risk. It may be possible
to determine low-risk and high-risk areas. The
high-risk sites can be abandoned. Developers have
learned to include alternative locations early in
the process for this type of outcome. Depending
on the number of sites that are eliminated and the
number of alternate sites, the cost may range from
practically nothing to the loss of the investment
and revenue related to the net lost sites.

e Conduct detailed investigation. Some
developments may have very limited constraints
on where turbines can be placed, and distant low-
risk alternative locations may not be available. A
developer can then decide to do more intensive
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investigation of a proposed turbine location to see
if moving the turbine a short distance can reduce
risk. This method of mitigation can add tens of
thousands of dollars and may not be successful.

Provide thick soil cover to mitigate the risk of
subsidence. In some areas, thick soil unrelated

to the bedrock (glacial till, wind-blown deposits)
may provide an effective bridge over bedrock karst
features, and soil thickness may be preliminarily
determined based on existing mapping and drilling
logs. Eventually, each proposed turbine site should
be drilled to determine actual soil thickness.
However, the question of how much soil is enough
needs to be answered. There may be precedents.
Goa et al. (2002) found that most surface karst
expressions in Minnesota occur where there is

less than 15 m of glacial cover. The Minnesota
Geological Survey’s Mower County geological
atlas (Green et al., 2002) concluded that evidence
of karst features was not found for areas with
more than 23 m of glacial cover. For the proposed
Watonga project in Oklahoma, the conclusion was
similar for terrace and dune deposits (Johnson

et al., 2013). In the end, the geologist and the
developer need to come to their own conclusion.
Since a typical geotechnical investigation for
foundation design includes borings at each
proposed turbine site, this mitigation method is
effectively cost-free.

Use construction methods. Most turbine

spread foundations are relatively shallow (~2

to 3 m below grade at the base). Alternatively,
the foundation can be placed on piles that are
supported on rock below the karst zone. This may
require additional investigation of the bedrock for
the design of a pile foundation. Another option

is to grout the underlying voids full to eliminate
the potential for collapse. One advantage with
grouting is that you can complete the detailed
investigation to identify voids at the same time
as the mitigation is being completed. Another
possible construction method not encountered

by these authors is to construct a foundation that
bridges the risk zone. While a typical spread
foundation is likely capable of bridging a small
gap, the normal design process does not evaluate
that possibility. Such a design consideration
would need to be addressed on a case-by-case
basis. Constructed mitigation adds hundreds of
thousands of dollars to the cost of each turbine.
Note that implementing constructed mitigation
often means that detailed karst characterization is
no longer required.
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* Don’t build the project. Developers typically
have a pipeline of projects in development, so the
best approach may be to move on to the next one.
This means losing the investment to that point, so
this is not done lightly. There is often great pressure
to move forward despite the evidence of karst.

As noted previously, the earlier that karst risk can
be identified and evaluated, the earlier the developer
can factor the costs into the overall project budget.
If karst is not identified until the construction phase,
it is likely that the project cannot be stopped, and it
may be very difficult for the project to ultimately be
profitable.

Risk communication

The cost of failure of a single turbine can range from
hundreds ofthousands of dollars (slight but unacceptable
differential settlement) to millions of dollars (extreme
tilt to catastrophic collapse). It is therefore important
to communicate the cost implications to the client as
early in the project as possible. Part of dealing with the
risk of karst is the apportionment of risk amongst the
developer, the contractor, and the consultant/designer.
Karst risk and risk apportionment is a very important
conversation.

The financial commitment to the consultant/designer
is often not significant enough to expect him/her to
follow through with the level of investigation needed to
completely characterize the risk or carry all the liability
for a failure. A consultant/designer earns about $5,000
per turbine, which does not offset the potential for a
lost $5 million turbine—especially when that risk is
multiplied by tens or hundreds of turbines. Therefore, it
is important to educate the client about karst and karst
risk to the extent that the client can carry the bulk of
the risk and can make informed decisions regarding the
degree of risk and how extensive the risk characterization
will be.

Effectively communicating with developers is
critical. They want to know the exact location of the
problem sites and may ask, “if there is a cave, what
is the chance that a turbine will fail?” The developers
typically don’t understand karst and that, in many
cases, the issue is cover collapse or soil piping, not
cave collapse. It is also important to communicate
the inherent uncertainty of karst risk and the cost of
reducing the uncertainty.



The consultant/designer has several options regarding

liability:

e Ignore the issue. This is clearly unacceptable.

¢ Add a disclaimer. The disclaimer will state
that it is impossible to completely know what is
underground. This is a typical practice.

* Keep the investigation and evaluation of karst
out of scope. In other words, pass the buck.

¢ Educate the client. Have the client make the
major decisions and carry the majority of the risk.
This is often resisted since it increases the client’s
workload and risk.

Project Examples

Table 1 summarizes the extent of investigation on projects
where karst risk was evaluated mainly by the senior author.
Following are some brief descriptions of a few of these sites.

North Central lowa

There are sinkholes near, but not in, the project area. Drilling
indicated that the bedrock is dolomitie (as opposed to
limestone), with which karst development is linked in this
region. Further, the drilling showed that sufficient soil cover
exists over most of the site to mitigate risk (Figure 6) and did
not find significant indications of karst development. After
close consultation with the developer, this project was built.

Table 1. Project Summaries. NA = Project did not advance

Site No. of Built? | Lit Remote Experts | Recon | Drill | Geo- Comment
Location turbines Search | Sensing/ physics
Lineament

Arizona 1 62 No Yes Yes Yes NA NA NA Project has not
progressed past
desk top phase

Arizona 2 62 Yes Yes Yes Yes Yes Yes Yes Developed
area was
reduced

lowa 79 Yes Yes NA Yes Yes Yes Yes Glacial cover

Kansas 100 Yes Yes Yes Yes Yes Yes Yes

Minnesota ~140 No Yes Yes Yes Yes NA Yes Unbuilt as of
spring 2012

New York ~90 No Yes Yes Yes Yes NA | Yes Karst ID'd early.
Developer
kept looking
for a different
answer

Ohio 175 Yes Yes No Yes Yes Yes Yes Glacial cover

Oklahoma 1 | 129 Yes Yes No No No Yes Yes Due to con-
straints and
schedule,
investigation
jumped right to
field work

Oklahoma 2 | ~90 No Yes No Yes Yes NA NA Dune cover
Watonga

Pennsylvania | 24 Yes Yes NA Yes Yes Yes Yes Expensive
mitigation

Texas 1 160 Yes Yes Yes Yes Yes Yes Yes Field investiga-
tion was limited
based on linea-
ment analysis

Texas 2 242 Yes Yes Yes No Yes No Yes

Texas 3 260 Yes Yes Yes Yes No Yes

Texas 4 28" Yes Yes Yes Yes Yes Yes Yes 3-D geotechni-
cal modeling
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Figure 6. Cross section of wind project in North Central lowa showing depth to bedrock. Thicker soil=less risk.

Southwest Pennsylvania

Literature review indicated, and site reconnaissance
confirmed, that karst features were present in
the area. Karst was associated with particular
stratigraphic units, so areas of relative risk could
be mapped (Figure 7). However, the site had other
restrictions on where development could take place,
and those limitations took precedence over karst risk.
The developer took this project into construction
before any subsurface investigation was completed.
Once drilling began, numerous subsurface voids
were found beneath most of the proposed turbine
locations. In some places, multi-channel analysis
of surface-wave geophysics was used to see if there
were adjacent locations with reduced risk (Figure
8). However, the geophysics could not resolve fine-
enough detail, so multiple drill holes were completed
at turbine locations that were at risk. Although not
budgeted for, the developer ended up installing deep
pile foundations at some sites and grouting voids in
others, at great expense.

South Central Minnesota
The client was a contractor bidding on constructing
the project. This is one of the most heavily karstified
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Figure 7. Map showing relative risk for a wind farm
in southwest Pennsylvania.



Figure 8. Cross section of shear wave velocity showing a sinkhole underlying a proposed wind

turbine site in southwest Pennsylvania. Boring blow count decreased with depth.

areas of Minnesota (Figure 4). The contractor was
advised to decline to bid on the project. To date, the
project has not been built, although the developer
continued to try to bring it to fruition for several
years.

Northwest Oklahoma

Investigations in Blaine County, in northwestern
Oklahoma, evaluated potential problems that gypsum
karst may pose for the proposed Watonga Windpower
Project. Gypsum beds of the Permian Blaine
Formation underlie all parts of the Project Area, at
depths ranging from 10 to 45 m below ground level.
The Blaine is overlain by the Permian Dog Creek
Shale and by unconsolidated Quaternary sands, clays,
and gravels that may obscure karst features. Field
studies, aerial-photo analysis, and a literature study
showed that there is no direct evidence of gypsum
karst in the project area. Placing wind turbines at
sites where there was sufficient cover overlying the
gypsum beds was appropriate risk mitigation: where
gypsum is 25 m below ground level or deeper, the risk
related to gypsum Kkarst is low, and where gypsum
beds are less than 25 m deep, risk was medium to
high. A map (Figure 9) was prepared showing areas of
low, medium, and high risk related to gypsum karst.

Figure 9. Risk categories at Watonga Windpower
Project, based upon depth to the Shimer Gypsum at

top of the Blaine Formation (Johnson et al., 2013)
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Conclusions

Karst can lead to dramatic tilting and even toppling
of a wind turbine. Subtle differential settlement of
even 3 centimeters across a 15-meter-wide wind
turbine foundation can cause the turbine to be
out of tolerance, requiring remedial action. There
are many tools available for evaluating karst risk
at windpower developments, including low-cost
desktop methods and field methods with widely
ranging costs from reconnaissance to intensive
drilling. The right tools at any given phase of
a windpower development will be based on the
site conditions, the funds available, and the risk-
management discussions with the client.
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Abstract

The karst belt stretching from Alabama to New England
is dominated by limestone/dolostone rocks which are
observed to weather in-place forming a layer of residual
clay soil above a highly weathered rock surface. As part
of the natural weathering process, subterranean voids
frequently develop in the overburden soil, which can lead
to surface subsidence or collapse (sinkholes). Furthermore,
construction activities can promote instability, especially
where a portion of the soil overburden is removed. A
rational method for addressing the potential for void
collapse may involve the use of simplified charts to
perform probabilistic analysis for likely ranges of void and
soil conditions. This paper demonstrates the application
of simplified stability charts and reliability concepts for
evaluating the collapse potential of voids within the soil
overlying the rock surface.

Introduction

Subterranean voids in the bedrock and in the overburden
soil develop as part of the natural weathering process in
the karst belt stretching from Alabama to New England,
where the underlying limestone/dolostone rocks are
observed to weather in-place forming a layer of residual
clay soil above a highly weathered rock surface. A
methodology for evaluating the static stability of discrete
voids (i.e., caves) within shallow rock is presented
by Siegel et al. (2001). Drumm and Yang, (2005) and
Drumm et al. (2009) developed simplified charts for
evaluating the static stability of a void within the soil
overburden. However, there are aspects, such as the
determination of representative void sizes and geometry,
that present difficulties in characterizing the risk of

void collapse. To overcome such difficulties, simplified
stability charts may be combined with reliability
concepts to characterize the risk of collapse of a void in
the soil overlying the rock surface.

Simplified Charts for Soil Stability
Stability charts are widely used for the evaluation of
soil slopes (Taylor, 1937; Bishop and Morgenstern,
1960) where the charts were developed in terms of the
slope height and inclination, and the soil shear strength
is expressed in terms of the soil cohesion intercept, c,
and friction angle ¢. These stability charts are typically
presented in terms of a dimensionless stability number,
N, which is often defined by Equation 1.

v M

c

where N is a dimensionless stability number, y is the
unit weight of the soil, H is the height of the slope, and
c is the cohesion component of the soil shear strength.
Typically, the charts allow the potential for failure to be
expressed in terms of a factor-of-safety (FS) or the ratio
of the available soil strength to the strength required to
maintain stability.
c tan¢

where the parameters ¢, and f, are the corresponding
values of the cohesion intercept and friction angle
required to maintain equilibrium. Using some of the
concepts originally applied to soil slopes, Drumm et al.
(2009) prepared simplified charts for the evaluation of the
stability of a void in the soil overlying the rock surface.
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Stability Chart for Void in Soil

A subterranean void will be stable where the overlying
soil is capable of re-distributing the stresses to competent
material below. The ability of the soil to redistribute
the stresses will depend on the void geometry, the soil
thickness, the soil strength and the magnitude of the
surcharge load, if present.

Characteristic Subsurface Profile

The characteristic subsurface profile in a highly weathered,
clay-mantled karst terrain is described by Sowers (1996).
From the ground surface, there is a blanket of soil
that is composed of the insoluble portion of the karst
bedrock. The upper residual soil is often stiff from over-
consolidation as a result of exposure to multiple cycles of
wetting and drying. With depth, the residual soil generally
increases in water content and decreases in stiffness
and strength. Competent karst bedrock (e.g., limestone)
typically exhibits high strength but contains slots, caves,
and other openings created by the solutioning process.
Voids in the soil or “domes” are created as the soil ravels
and/or migrates downward into slots, caves, and other
openings in the underlying rock (Figure 1).

Finite Element Model

The dimensionless chart developed by Drumm et al. (2009)
to evaluate the stability of a void in soil overlying karst
bedrock is based on the results of finite element analyses.
The analyses were conducted for a range of hypothetical
soil properties and void geometries expressed in terms
of the ratio of an assumed hemispherical void diameter
(D) to soil overburden thickness above the void (h). The
idealized model and terms used in the finite element
analyses are shown in Figure 2.

%ure 1. Conceptual subsurface profile in karst
with an enlarging void in the residual soil

(Sowers, 1996).
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Figure 2. Axisymmetric idealization of void in soil
over rock (Drumm et al., 2009).

Assumptions made in the finite element analyses are
summarized in the following:

1. The geometric conditions around the void were
approximated by a two-dimensional axisymmetric
model, implying a hemispherical void of diameter
D. The soil was assumed to be homogeneous
except for analyses that assume a weaker soil
layer with a thickness of 3D/4;

2. The stiffness of the rock was much greater
(typically 10 times) than that of the soil and, as a
result, the rock was considered to provide a rigid
support at the base of the soil. Therefore, the rock
surface was represented by a fixed boundary in
the model;

3. The lateral boundary of the finite element model
was confirmed to have no effect on stability. The
lateral extent (L) for the largest diameter was
extended until it had negligible effect on stability.
The results indicated that there was no boundary
effect for an L/D>2.5 for h/D=0.5;

4. The majority of the analyses were performed
with a constant soil unit weight of 17.7 kN/
m? (112.8 1b/ft?). However, the soil unit weight
was incorporated into the dimensionless terms;

5. The soil strength was represented using the Mohr-
Coulomb elastic-plastic model, which allows
the soil to act as an elastic solid at stress levels
less than the strength, and allows the soil to flow
plastically at stress levels equal to the strength.
The use of a Mohr-Coulomb failure criterion
inherently assumes that the intermediate principle
stress has no influence on the failure condition
(Chen and Liu, 1990) and the failure is defined by
Equation 3.

T=c+ otang (3



where strength parameters ¢ and ¢ represent the
cohesion intercept and angle of internal friction,
respectively, and ¢ is the normal stress. A non-
associative flow rule was assumed with a zero
dilation angle (¢ = 0) which results in the soil
experiencing zero volume change during yield.
The tensile strength was assumed to be 20% of
the undrained shear strength values (c,). This
assumption, while somewhat arbitrary, allows for a
variation in tensile strength in proportion to cu while
maintaining the dimensionless stability factors;

6. The elastic modulus of the soil (E) was assumed
to be 22 MPa (4.6 x 105 psf). Although the
stability is not sensitive to the elastic modulus
provided it is a constant, this value is consistent
with published correlations with the undrained
shear strength (Das, 1999).

E = 440c, 4)

where ¢ is the initial value of undrained shear
strength used in the analysis. The deformation field
and the surface subsidence were not considered;

7. The Poisson’s ratio was assumed to be 0.3 which
is consistent with published values for a variety
of soil types (Bowles, 1988). In general, the
results of the evaluation are somewhat sensitive
to Poisson’s ratio;

8. The initial field stresses were represented
by restraining the soil around the void while
applying the gravitational force with a stress ratio
K, according to Equation 5

K, =1—sing' (5)

after which the soil around the void was released
allowing deformation, and;

9. The water table is assumed to remain constant at
a position below the top of the rock surface. This
assumption results in the greatest effective stress
for any of the conditions considered. Enlargement
of the void due to soil loss is neglected and
seepage effects on stability are not considered.

Determination of Collapse Load

The dimensionless ratio h/D was used to define the
subsurface geometry where h is the minimum soil thickness
over the void () and D is the void diameter (Figure 2).

The dimensionless stability number (N) was
determined by applying the shear strength reduction
(SSR) method proposed by Zheng et al. (2006). In
the SSR method, which is widely used in both soil
and rock engineering (Griffiths and Lane, 1999;
Swan and Seo, 1999), the strength parameters of
the model are reduced by a strength reduction factor
(SRF), such that

_ Cc+otang
T SRF ©)

the finite element analysis is conducted with
incrementally increasing values of SRF until the analysis
does not converge to equilibrium. This determines the
critical SRF and represents a factor-of-safety of unity.
The critical SRF can be used to calculate the critical
strength and N .

Soil Friction Angle

Analysis using only undrained shear strength may be
considered representative of short term conditions. To
extend the analysis to long term (or effective stress)
conditions, the stability was also evaluated using the
similar methodology with a value of . The approach
used for was repeated to determine the value of ¢
corresponding to a convergent solution for values of
with the SRF applied the tan * and the initial stress ratio
following Eq. (6). The stability chart is presented in
Figure 3.

Inverted Strength Profile

Rather than having a profile where the shear strength
increases with depth (as is the case in most geologic
settings), karst often exhibits a soft zone above the
rock surface. This is often referred to as an inverted
residual strength profile (Sowers, 1996). To consider
the inverted strength profile, analyses were performed
for undrained conditions (¢ = 0) with the lower 3D/4
portion of the soil profile assigned a reduced undrained
shear strength (c*).

c*=ac @)

where c* is the reduced undrained shear strength
for the bottom 3D/4 part of the soil layer; ¢ is the
undrained shear strength of the soil; and o is the
inverted strength factor. Figure 3 includes the
stability numbers for undrained conditions with
inverted strength factors of 0.25, 0.5, and 1.0.
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Functional Form of Stability Chart

To allow direct use of the stability chart shown in Figure
3, a linear function was fitted to the curves using the
following form.

N,,=a (WD)~ b(lD) +c(WD)+d  (8)

where a, b, ¢ and d are constants determined by regression
analyses. The values of constants a, b, ¢, and d for a range
of values of ¢ and o are presented in Table 1.

Reliability Concepts

Reliability concepts provide a useful framework for analysis
where there is uncertainty in the parameters involved (Harr,
1987; Whitman, 1996). For application of the stability chart
presented herein, it is proposed toincorporate the approach
proposed by Duncan (2000) which allows an assessment of
the reliability of the factor-of-safety and calculation of the
probability of collapse using the following steps.

1. Estimate the standard deviations of the parameters
involved. Duncan (2000) suggests applying the “three-
sigma rule” which makes use of the fact that 99.73%
of all values of a normally distributed parameter fall
within three standard deviations of the average. The
standard deviation is computed using the Equation 9.

— HCVf—)LCV )

where HCV is the highest conceivable value and
LCV is the lowest conceivable value.

2. Use the Taylor series technique (Wolff, 1994;
U.S. Army Corps of Engineers, 1997 and 1998) to
estimate the standard deviation and coefficient of
variation of the factor-of-safety.

3. Determine the “probability of failure” and the
reliability of the factor-of-safety based on a
lognormal distribution of values. Duncan (2000)
presents a table that summarizes the mathematical
results necessary to apply alognormal distribution.

Table 1. Constants and r2 values for curves in
Figure 3 (Drumm et al., 2009).

Constants a, b, ¢ and d along with r2

a b c D r2
0 0.0013  0.0766 1.9944 1.8914 0.9982
® () 10 0.0004  0.0353 2.0744 0.6521 0.9990
20 -0.0008 -0.0101 2.6131 0.6484 0.9994
30 -0.0005  -0.0033 3.2346 0.6168 0.9987
o 1.0 0.0013  0.0766 1.9944 1.8914 0.9982
®=0 0.5 0.0014  0.0826 1.6923 0.6220 0.9959
0.25  0.0006  0.0400 0.8339 0.3145 0.9954
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Figure 3. Stability chart for estimating Nc,, for a
void in soil overlying rock (Drumm et al., 2009).

Case History: Landfill in Karst Terrain
The simplified stability charts and reliability concepts
presented herein were used to evaluate the collapse
potential of voids within the soil during the permitting
activities for a landfill in a karst region in northeastern
Alabama. The project information is summarized in the
following paragraphs.

Geologic and Subsurface Conditions

Published maps show that site is located within the
Appalachian Plateau (Hunt, 1967) and that the bedrock is
light gray and light brown, locally sandy dolostone, dolomitic
limestone and limestone of the Knox Group Undifferentiated.

The geotechnical exploration consisted of soil test
borings, air-track probes and multi-electrode electrical
resistivity. On the basis of the exploration results, the
subsurface conditions are characterized by a thick layer
of residual soil consisting of very stiff (average SPT N
of 28), sandy clays and silts with interbedded seams of
clayey gravel (chert) and sand. The soil thickness ranged
from approximately 5 %2 to 30 %2 m (18 %2 to 100 feet).
There was a slight decrease in SPT N from 20 to 50 ft
below the ground surface.

The soil strength was characterized based on the results
of consolidated-isotropically, undrained compression
triaxial tests that were performed on soil samples
obtained in similar geologic and geotechnical conditions.
The strength test results are summarized in Figures 4
(total stress or undrained strength) and 5 (effective stress
or drained strength).

Multi-electrode electrical testing was performed in an
effort to identify landfill areas that may be underlain



by a void within the soil. The method involves passing
direct current through the earth between two electrodes
and measuring the resulting voltage drop between an
additional pair of electrodes (Roth and Nyquist, 2003). A
typical resistivity profile is presented in Figure 6. Sharp
contrasts or “anomalies” within the resistivity profile
were considered potential subterranean voids.

Void and Soil Parameters

No voids were encountered within the test borings,
including those that were drilled at ‘“anomalies”
(extremely high resistivity values or extremely low
resistivity values) interpreted from the multi-electrode
electrical resistivity testing. Considering the results of
the geotechnical exploration and published data of doline
diameter (Newton and Tanner, 1986; Martin, 1995;
Qubain et al., 1995, Abdulla and Mollah, 1997; Mishu et
al., 1997; Smith, 1997; and Thomas and Roth, 1997), a
void diameter of 6 feet was considered to be a realistic,
conservative assumption. It was anticipated that voids
having a diameter greater than 6 feet, if present, would
be detected during the resistivity testing and borings that
target resistivity anomalies. This would allow application
of corrective actions (e.g., cap grouting) to significant
voids. Optionally, the range of void diameter (or any
other variable) could have been explicitly considered in
the reliability analysis.

The soil unit weight ranged from 18.0 to 19.9 kN/m3
(114.5 to 126.5 pcf) and averaged 18.9 kN/m3 (120.5
pcf). The soil thickness (i.e., the overburden height
(h) ranged from 7.8 to 22.5 m (25.6 to 73.8 feet) and
averaged 15.2 m (49.7 feet).

Figure 4. Total stress strength data (1 ksf = 47.88 kPa).

The undrained shear strength ranged from 40.2 to 110.6
kPa (840 psf to 2310 psf) and averaged 74.2 kPa (1550
psf). An inverted strength factor (o) of 0.6 was applied
for undrained conditions. The effective friction angle
ranged from 20.4 to 20.9 degrees and averaged 20.6
degrees. The effective cohesion ranged from 15.1 to 54.6
kPa (324 to 1141 psf) and averaged 35.1 kPa (733 psf).

Probability of Void Collapse

Following the Duncan approach (2000), the Taylor
Series was used to compute the probability of void
collapse for the conditions at the Alabama landfill.
The method requires that factors-of-safety be
determined where each parameter is individually
increased and decreased one standard deviation (s.d.)
from its “most likely value”. A summary of factors-
of-safety is presented in Table 2.The factors-of-
safety for the most likely values (MLV) are 2.74 and
2.79 for total stress conditions and effective stress
conditions, respectively. The standard deviations of
the calculated factors-of-safety are 1.46 and 1.57,
respectively. The coefficient of variation (VF) for
the each factor-of-safety may be determined using
Equation 10.

_ _Sdr
Vr= FOSmLy (10)
The computed VF values are 53.3% (total stress
conditions) and 56.2% (effective stress conditions).
The lognormal reliability index (B,,) values are
calculated using Equation 11.
"R (11

In(1+V7

Bin =
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Figure 5. Effective stress strength data (1 ksf = 47.88 kPa).

Figure 6. Typical resistivity profile (1 ft = 0.305 m) (Examples of “anomalies” noted by red circles).

and the probability of void collapse (P)) can be
calculated using Equation 12.

Pr=1—-0(ny @

The calculated probabilities of collapse are 3.9%
(total stress conditions) and 4.5% (effective
stress conditions). According to Vick (2002),
these values correspond to conditions where void
collapse is between “almost impossible” to “very
improbable”.

Conclusions

Subterranean voids in the overburden soil develop as part
of the natural weathering process in karst terrain. Even in
cases where the soil strength is well characterized, there
is often uncertainty with respect to the size and geometry
of the potential subterranean voids. Furthermore,
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construction activities can promote instability, especially
where a portion of the soil overburden is removed.
A rational method for addressing the potential for
void collapse involves the use of simplified charts by

Table 2. Summary of factors-of-safety.

Total Stress Conditions

Variable c h g
FOS (+s.d.) | 4.09 2.21 2.61
FOS (-s.d.) 1.49 3.51 2.89

AFOS 2.60 1.30 0.28

Effective Stress Conditions

Variable c’ ¢’ h Y
FOS (+s.d.) | 4.35 2.81 2.74 2.66
FOS (-s.d.) 1.23 2.78 2.87 2.94

A FOS 3.12 0.03 0.13 0.28




Drumm et al. (2009) to perform probabilistic analysis
for likely ranges of void and soil conditions. In such a
way, the potential for void collapse may be described
in both numerically (i.e., probability of collapse) and
verbally (e.g., very improbable, almost improbable, very
unlikely...). The example presented herein represents a
snapshot of a hypothetical void under static condition.
It is important to note that multiple analyses may be
required to fully characterize the risk of void collapse.
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IT MUST BE A SINKHOLE?
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Abstract

In a Florida sinkhole investigation, many people
(engineers, geologists, lawyers, insurance agents, public
adjusters and media) interpret weight of hammer (WH)
and weight of rod (WR) as a void, and by association,
a sinkhole (author is a Florida Neutral Evaluator).
This causes some to allege the site contains a sinkhole
damaged home--damage that is likely related to poor
maintenance, construction or design issues. The concept
of finding WH/WR conditions has resulted in many
sinkhole investigations becoming a gamble with the
homeowner or their representative wagering against
the insurance company that there will be WH/WR
conditions found and therefore a sinkhole present under
the building likely giving the homeowner a payoff for a
sinkhole. The rules for the game are mandated in Chapter

§726.706 of the Florida Statute that ultimately results in
who can be more successful in convincing a jury that a
given set of conditions is or is not a sinkhole. Since the
WH/WR conditions plays a significant role in sinkhole
determinations, this paper will discuss the causes of WH/
WR conditions and its meaning in terms of stress that
develops during soil sampling. It will further consider
the distribution of stress and the potential for these
conditions to influence a structure at the ground surface.
Conversely, it will also discuss the factors necessary
for these conditions to impact a structure and other
conditions that can give false indications of sinkhole
activity. Also provided are examples of case studies
where critical subsurface conditions were resolved using
considerations discussed in this manuscript.

Introduction

In sinkhole investigations in west-central Florida where
overburden conditions generally consist of fine sandy
soils, it is not uncommon to see reports written by
professional engineers and geologists with the assertion
that because weight of hammer (WH) or weight of rod
(WR) conditions are present it implies a void is present
below the ground surface and hence sinkhole conditions

exist. This hasty conclusion does not consider the high
stresses imparted to the soil by the drill string and the
inability of loose soil to support a void at relatively
shallow depths below the ground surface (Zisman, 2003,
2005). This paper will discuss the formation and testing
of these conditions, their meaning in the context of
sinkhole formation and suggested steps for determining
sinkhole presence. An example of this condition as it
occurred in an actual sinkhole investigation will also be
discussed.

A further factor in the WH/WR condition used in the
identification of sinkholes is the nature of the overburden
materials generally occurring in west-central Florida.
In this area fine sandy soils predominate and cover the
relatively weak Cenozoic carbonates of Florida. These
sediments consist predominantly of residual soils known
to decrease in strength with increasing depth as opposed
to transported soils which increase in strength with
increasing depth (Sowers, 1996). This phenomenon is
discussed in more detail in Section 6. The important
consideration is that WH/WR conditions are not likely
the result of soil arching but the result of soft zones
normally found in residual soils. Determination of
whether soil arching has affected the subsurface is found
from the characteristics of the underlying soil or rock
material. If conduits consisting of fractures and fissures
are present in the underlying rock then one cannot rule
out the possibility of soil arching. This is discussed in
greater detail in Section 3.

Also discussed are the requirements in the Florida
statute that aid in the determination of sinkhole activity.
Examples are given through the use of soil profiles
showing conditions that are not indicative of sinkhole
formation and the reasons for these conclusions.

Stress Associated with SPT Sampling
The Standard Penetration Test (SPT) adopted by ASTM
in Test Method D1586 is widely used in sinkhole
investigations to determine the consistency and type of
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material occurring at depth below the ground surface.
Unfortunately, when no sample or “N-value” is obtained
and the drill string drops under its own weight (WR) or
under the additional weight of the hammer (WH), it is
difficult to predict what has caused this condition unless
one considers the stresses that exist at the end of the drill
string in relation to insitu stress.

First, consider the stresses that are present at the tip of the
drill string during SPT sampling as shown in Figure 1.
These stresses are based on the following assumptions:
1) buoyant conditions are present with a buoyant soil
weight of 55 pcf (881 kgs/m?®), 2) surface loading from
a typical residential home is 2,300 psf (11,230 kgs/m?)
and 3) A-rods weigh 31 pounds (14 kgs) per 10 foot (3
m) length of drill rod, the difference in weight between
the drill rod and the 2-foot (0.6 m) sampler was not
considered. Shown in this figure is a plot of buoyant
drill string weight with depth together with a plot of the
buoyant soil weight of the column of soil replaced by the
drill string with depth. It is apparent that the drill string
weight exceeds the soil weight at all depth intervals
and that the rate of increase in the drill string weight
is greater than the rate of increase of soil weight with
depth. So as we drill deeper, we exceed the overburden

pressure with the drill string weight by a factor of over
2, which accentuates loose or soft soil zones that cannot
support the increasing weight of the drill string resulting
WH/WR conditions.

Another consideration is the stresses at the tip of the
sample spoon are very large, for example, at 20 feet
(6.1 meters) the stress exerted by the sampler on the soil
is 207 psi (14.3 bar), at 40 feet (12.2 meters) it is 405
psi (27.9 bar) and at 80 feet (24.4 meters) it is 800 psi
(55.2 bar). Compare these stresses to the stress a women,
wearing high heel shoes, places on asphalt that has been
warmed by the sun. If the heel is one square inch in area,
and a woman places 100 pounds (45.4 kg) on each leg
they will apply a pressure of 100 psi (6.9 bars) enough
stress to easily deform the asphalt. However, when we
subject the soil, at depth, to stresses of 200 psi (13.8
bars) to 800 psi (55.2 bars) (see Figure 1) some consider
avoid present if the soil at that depth will not support the
drill string.

For the WR conditions, many consultants only report the
condition is present without providing information on
the rate of rod fall. Depending on the type of soils, the
rate of rod fall can be useful in determining the type and

Figure 1. Comparison of Soil Weight with Weight and Stress of Drill String.
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consistency of the material. Consider if there is a gradual
fall of the rods, one may conclude that a zone of soft
clay or sand is present, depending on the material in the
cuttings found in the wash water. The point is that many
boring logs do not contain sufficient information to
accurately provide a picture of what occurred during the
drilling of the boring and consultants simply conclude
the worst in the absence of this information.

We must also consider the conditions that can occur in
some of the soft soils that are commonly susceptible to
remolding from the removal and insertion of the drill
string. Rapid movement of the drill string can cause
extreme changes in the state of stress at the sampling
depth resulting in further disturbance and consequent
loss in soil strength.

Florida Statute Requirements for a
Sinkhole

The Florida statute in §627.706 has established that
“sinkhole activity” is present when: “settlement or
systematic weakening of the earth supporting the
covered building only if the settlement or systematic
weakening results from contemporaneous movement

Steps

or raveling of soils, sediments, or rock materials into
subterranean voids created by the effect of water on a
limestone or similar rock formation.” (Florida Statute
627.706) Figure 2 provides a further explanation of the
statue.

From Figure 2, it is seen that two conditions must
be present: dissolution of the limestone and the
overburden (“supporting material””) must be affected
for sinkhole activity to exist (see Steps 1 & 2 in
Figure 2). Further, in the author’s assessment, the use
of the words: “earth supporting the covered building”
implies that the building must be damaged in the area
where the soil has been “weakened”. Therefore, it is
concluded that consultants must find damage in the
structure related to systematic weakening of the soil,
separate from damage related to poor construction
and maintenance to declare a sinkhole is present. The
determination of the cause of building damage requires
a thorough forensic investigation of soil conditions
and, in particular, structural conditions to distinguish
between damage from sinkhole activity verses
damage from design, construction and maintenance
deficiencies.

1. Is rock effectad?

Created by Effects of Water
on Limestone

Statute Subsurface
Movement of Soil or %ﬁ;ﬁf"&‘?
Ravaling of Soil Into VYoids Iimagm‘*’ne

surface and
limeasione Tabric

2. la supporting
material above rock Settiemant
surface affected? of Earth
Supporting
Building

Weakening
of Earth
Supporting
Building

Crvarburdean

:

. Ifanswer o 1 & 2
is yes "sinkhole
activity"” is ooccurring

Sinkhole
Betivity

EH2T 06 (d) “Sinkhole activity™ means settbement or systematic woakoning of the earth supporting
tha covorad building only if tho satloment or systamatic waakening results from Contam poranoeous
mosemaent or raveling of solls, sediments, or rock materials inlo sublermanean volds cromatad Dy hae
afftepct of waler on o Hmestomns o slmbdor rock formmition

L Thia chart k8 appropriate or mesl condilions

Figure 2. Steps in Determining if Sinkhole Activity has Occurred According to §627.706.
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From this discussion it is seen that there is no definitive
measure in the statute as to what constitutes sinkhole
activity; there is much left to interpretation. Therefore,
the interpretation of the cause of WH and WR conditions
becomes a very critical aspect of a sinkhole investigation.

Boring Logs

The information contained in the boring logs for a site
investigation is generally the most useful data developed
at the site. Overall, when we consider that the boring logs
cover less than 1% of the site area (the area sampled by
four borings compared to the area under the structure—
Zisman, 2003, 2005) and information from geophysical
methods is limited in depth of coverage, we then must
place great emphasis on information from borings. In
sites where ground penetrating radar (GPR) is the only
geophysical method in use, it is not uncommon to find
GPR data limited to depths of 10 to 15 feet (3.0 to 4.6
meters) below the ground surface. Although good radar
penetration is achieved in dry sandy soils, the penetration
in clay-laden soils and soils with high electrical
conductivity is sometimes only a few centimeters.
Resistivity is not subject to all of the limitations of GPR
but its depth of penetration is limited to about 25% of
the length of the traverse, which presents a problem with
depth of penetration at many residential and commercial
sites with limited property. The marginal amount of data
that may be obtained by geophysical methods places
additional emphasis on developing complete information
in the boring logs.

Because of the complexity of subsurface conditions in
karst terrains, we must carefully analyze subsurface
conditions and not oversimplify them by only using
the abbreviations WR and WH. Boring logs should
contain a complete description of the circumstances
under which these conditions occurred. The boring
log should provide a record of not only the soil
material found but also a detailed discussion of what
occurred while sampling the soil and rock material.
This information is typically absent from many
consultants’ reports. For these reasons a good deal of
effort must be placed into analyzing the origin of all
building damage and relating this damage to potential
subsurface conditions by considering the building
as a giant test cell and analyzing building damage
to explain its source relative to sinkhole causes or
construction/design/maintenance causes.
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Geologic Conditions

When conducting a sinkhole investigation in west-
central Florida, we must not lose sight that, for the most
part, we are analyzing Coastal Plain sediments deposited
in diverse shallow marine environments. The geology
of Florida is composed of strata formed during three
geologic periods Holocene, Pleistocene, and Pliocene.
During this time sands containing varying amounts of
silt and clay were deposited on the bottom of shallow
seas that existed during interglacial time when sea levels
were higher than present (Kuhns, et al, 1987). During this
time the great expanses of limestone that underlie most
of the State of Florida were formed in these shallow seas.
Most of the limestones contain impurities that resulted
from depositional conditions during the formation of
the limestone in the shallow marine environment. For
example, during deposition, the limestone was subjected
to erosion from streams and offshore currents that
resulted in inclusions of sediments that now serve as
pervious conduits that facilitate weathering. Moreover,
the clastic components of the limestone mass vary, thus
creating areas within the indurated mass that are more
permeable, and therefore more prone to dissolution.

An important factor in the discussion of sinkhole
development is to consider the time required for
the dissolution of limestone. The rate of limestone
dissolution is from 5 to 200 mm per 1,000 years. For the
climate in eastern U.S. and Western Europe, the rate is
between 25 and 40 mm per 1,000 years (Sowers, 1996).

Geotechnical Conditions Related to
the Overburden

The overburden covering the limestone may consist
of transported or residual soils. In transported soils
“N-values” generally increase with increasing depth
because the oldest material is on the bottom of the profile
and has had the longest time to consolidate under the
weight of the overlying soil. In residual soils overlying
limestone, the opposite is generally true with the
youngest soil occurring at the bottom of the section. In
this case the “N-value” is found to be uniform or slightly
decreasing with increasing depth until at a short distance
above the limestone surface the soil may become softer
with increasing depth as reflected in the SPT value
(Sowers). The lower SPT value may result from erosion
of soil raveling into solution slots or discontinuities in
the limestone, which results from depositional features.
The progression of these zones is generally very slow



and their presence is normally investigated by the use
of geophysical methods or may be detected by trends in
the SPT borings drilled for the investigation. Because of
limits in the depth of penetration of GPR data particularly
when clayey soils are present, it is recommended that
both GPR (ground penetrating radar) and ERI (electrical
resistivity imaging) methods of geophysical profiling be
used in the sinkhole investigation.

In GPR investigations, a 250 mHz antenna is commonly
used outdoors and the higher frequency 500 mHz antenna
is used inside the building to determine if settlement
has occurred under the building slab. ERI traverses can
provide information where GPR has limited penetration;
however, ERI is limited to a depth of approximately
25% of the traverse length. In many residential and
commercial sites where property is limited this presents
a significant problem.

Sinkhole Determination

In analyzing subsurface conditions, there are a number
of other key conditions used to judge the presence of
sinkhole activity (Zisman, 2003, 2005). For example,
drill string excursions, loss of circulation during
drilling, absence of a confining clay layer above the
limestone, relief of the limestone surface, associate
damage in the home etc. A sufficient number of these
conditions coupled with an understanding of the site
geology need to be present before sinkhole activity
can be established.

From what has been discussed, it is seen how easily
the investigation can be influenced by the results of
WH or WR conditions in a boring. These conditions
may result from a boring intercepting a raveling zone
at a depth substantially below the ground surface
where this zone will not affect the structure in the
foreseeable future. Depending on site condition it
is common for some to ignore features occurring at
depths greater than about 60 to 80 feet (18.3 to 24.4
meters) depending on the damage in the building
(Zisman, 2003). To determine the importance of
the WR/WH condition one needs to consider the
presence of distress in the home and determine if
there is a correlation between distress in the building
and subsurface conditions or if distress is related to
structural deficiencies. For this reason it is important
to locate one or more borings adjacent to an area
where distress is found in the structure.

Another consideration in the evaluation of subsurface
conditions, particularly when WH and WR conditions
are present, is the investigator should perform an analysis
of settlement at each boring location and determine the
amount of settlement that will occur at each location. The
magnitude of settlement determined at each boring location
should be used to establish the influence of subsurface
conditions on overall building performance during the past
and future life of the structure. If the analysis of settlement
at each boring location results in essentially the same
magnitude of settlement, this becomes a compelling factor
in finding no sinkhole, provided that other considerations
are not at play such as building damage that results from
maintenance/construction/design factors (Zisman, 2010).

Case Studies

Case Study No. 1

Figure 3 provides a soil profile for a site where one
consultant found sinkhole activity present while another
concluded no sinkhole activity was present (the dashed
lines on the figure define the limits of a loose soil layer).
From analysis of subsurface conditions shown in this
profile plus the data determined from other sources, it was
concluded that sinkhole conditions are not present. The
following summarizes the reasons for this conclusion:

1) no evidence of loss of circulation was found in the
five rotary-wash soil borings drilled at the site, 2) no
correlation can be made to locations of exterior distress
in the building and adverse subsurface conditions, 3)
there is no evidence of movement of soil or raveling of
soil into voids created by effects of water on limestone
therefore there is no effect on the overburden (see
Figure 2), 3) stucco damage found in the building
is the result of construction deficiencies and poor
maintenance, 4) all borings generally show similar
lithologic conditions, 5) loose material found in the
borings is a reflection of depositional conditions, 6) the
general decrease in “N-value” with increasing depth is
to be expected in residual overburden soils as opposed
to the increasing “N-value” with increasing depth that
occurs in transported soils, and 7) the site is located
near the east coast of Florida in an area not known for
sinkhole activity.

Case Study No. 2

Figure 4 shows typical subsurface conditions at a site in west-
central Florida. No sinkhole activity was found at the site.
This conclusion was based upon several factors as follows:

13TH SINKHOLE CONFERENCE NCKRI SYMPOSIUM 2 49



Figure 3. Case study No. 1—a Site Near the East Coast of Florida (red indicates N-values less than
or equal to 4, depth in feet).

Figure 4. Case study No. 2—a Site in West-Central Florida (red indicates N-values
less than or equal to 4, depth in feet).
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1) the loose zone found in boring B-2, approximately
75 feet (22.9 meters) bls (below land surface), is
associated with localized weathering or depositional
conditions often found in this region and has had no
effect on overburden conditions, 2) the soft zone in
boring B-2 lies at depths beyond structural influence,
3) no abrupt disruption of stratigraphy was observed, 4)
loss of drilling fluid circulation, found in the borings, is a
common occurrence in karst areas, and is considered to be
related to localized increases in permeability associated
with fractures and depositional features at or near the
limestone surface, 5) the 55 foot (16.8 meter) difference
in the depth to rock across the property is not uncommon
in karst terrains and is not necessarily associated with
sinkhole activity, 6) there is no focus to the damage
found in the home and all damage appears to result
from construction issues, and 7) there is no evidence of
movement of soil or raveling of soil into voids created
by the effects of water on limestone therefore there is no
effect on the overburden (see Figure 2).

Conclusions and Recommendations
The following is a summary of some of the conclusions
made in this paper:

1. Itis misleading to consider that the occurrence of
WH conditions in a boring as a void. Since the
stresses imposed at the tip of the sample spoon are
higher than insitu conditions, one must conclude
that soil material at the bottom of the drill string
has at least enough strength to support the weight
of the drill string and therefore, WH conditions
does not represent a void.

2. WR conditions may or may not represent a void
depending on the speed with which the rods fall.
If the drill undergoes a slow gradual drop, one
may be compelled to consider that there is some
material at the bottom of the hole that can partially
support the weight of the rods. However, if a rapid
fall of the rods is found than one can conclude that
void may be present.

3. More information should be placed on the boring
logs, in particular, a record of the rate of fall of
the drill string when WR and WH conditions are
present.

4. Determine if a correlation is present between
the location of building damage and location of
subsurface conditions. A very important part
of a sinkhole investigation is determining the

mechanisms causing damage and determining
if this damage can be caused by subsurface
conditions.

5. Explain the origin of all distress found in the
building. This may require an evaluation of the
structural integrity of roof trusses, structural
connections and modeling all distress to determine
the overall building movement.

6. The Florida Sinkhole Statute requires that
overburden material supporting the structure
should be weakened or settled as a result of
movement of the soil into pervious conduits in
the limestone.

7. An analysis of the potential settlement that
may occur at each boring location should be
performed to determine if differential settlement
can occur from the conditions determined in
the investigation. Since borings may not be
located in the exact areas of building damage,
engineering judgment should be applied to assure
all assumptions are reasonable.
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Abstract

In 2007, a geotechnical investigation was performed
for a student center at a New Jersey college. Even after
reviewing the results of that study, the Municipality
recommended incorporating a subsurface detention/
infiltration system below the parking lot adjacent to the
student center.

The project area is underlain by solution-prone
Beekmantown Formation dolomites. Mapped just to the
northwest is the conformable solution-prone Allentown
Dolomite. The Allentown likely dips shallowly below
the Beekmantown. This local suite of carbonate bedrock
lies within a fault-bounded block of these Cambro-
Ordovician rocks.

Sinkholes formed beneath and adjacent to the basin and
parking area and remediation was attempted by others.
Repairs reportedly included the removal of basin fill
materials, low-mobility grouting and stone backfill
placed in subsurface voids. Shortly thereafter, more
sinkholes opened, some within the area remediated.

Technical problems at the site included a lack of
reliable subsurface information; the basin functioning
in a manner that allowed infiltration; having the likely
need to vary the grout and delivery procedures based
upon encountered conditions and probe hole locations
in relation to the basin; the need to remediate solution
features trending beyond the original area of interest;
and the possibility of unrecognized solution features
outside the area of interest and below the student center.

These potential problems were brought to the attention
of the current college administration. They quickly
recognized the concerns and requested a different

geotechnical firm to develop specifications for

remediation and to help in choosing a suitable contractor.

To address the concerns, site-mixed grout using cement,
water, mason sand and bentonite, in varying proportions,
delivered under varying pressures, and using two different
grout mixing methods was deemed the most appropriate
remedial alternate. During the field operations, liaison and
cooperation between the grouting engineers, the grout
crew, and the college administration and maintenance
personnel provided useful insight and support.

The various procedures used and the bases for their use
are discussed in this paper. A total of 41 probe holes were
drilled where a total of 157 m? (205 cubic yards) of grout
was placed. Voids as large as 5% m (18 feet) in vertical
extent were encountered and a maximum of 18.6 m?
(24.3 cubic yards) of grout were pumped into any single
probe hole. Subsurface connection between probe holes
was evidenced as grout was seen to travel at least 3 m
(10 feet) laterally.

Introduction

A college in north-central New Jersey constructed
a large, multi-purpose student center that includes a
performing arts center, student cafeteria, radio station
and administrative offices. The construction included a
large, detention/infiltration system to handle the storm
water from the structures and additional parking. The
college hired a development company that had previously
managed construction at the school to spearhead the
new project. In the authors’ opinion, after reviewing the
available data, the geotechnical engineers employed for
the planned construction did not seem to understand the
difficulties that could result from founding such facilities
atop karst terrane.
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Additionally, the municipal engineer exacerbated
the problem by requiring a below-grade stormwater
detention and infiltration basin under a portion of new
parking area to be constructed. The basin is about 37
by 12.2 m (120 by 40 feet) in plan dimension and the
bottom is about 3 m (10 feet) below the parking lot
surface. The stormwater system consists of five rows
of 1.2-meter (48-inch) diameter, perforated HDPE
chambers surrounded by 19-mm (34-inch) clean, washed,
crushed stone with a geotextile filter placed between the
existing subgrade and the system; typical construction
for such systems in the northeastern U.S. The parking lot
is subject to vehicle loads from passenger cars and heavy
delivery trucks.

After one year of use, sinkholes formed within the
parking lot and adjacent landscaped areas. Initially,
crushed stone backfill was used in an effort to stabilize
the sinkholes and preserve infiltration. As the sinkholes
continued to grow in size and number despite repairs,
the construction contractors removed approximately a
third of the entire system, saving the stormwater filter
structures (installed to prevent debris from compromising
the system) and the HDPE chambers. Stone fill, graded
rock, geogrid and geotextile (filter fabric), along with a
very limited program of low-mobility grouting were used
to remediate the sinkholes affecting the basin area and
the system was reinstalled and the parking lot replaced.

Geology

The site lies upon a fault-bounded block of the Cambro-
Ordovician-aged Lower Beekmantown Formation rocks
(Figure 1). The Lower Beekmantown Formation is
described by the New Jersey Geological Survey (NJGS) as
“very thin to thick-bedded, interbedded dolomite and minor
limestone. Upper beds are light-olive-gray to dark-gray,
fine- to medium-grained, thin- to thick-bedded dolomite.
Middle part is olive-gray-, light-brown-, or dark-yellowish-
orange- weathering, dark-gray, aphanitic to fine-grained,
laminated to medium-bedded dolomite and light-gray
to light-bluish-gray-weathering, medium-dark- to dark-
gray, fine-grained, thin- to medium-bedded limestone.
The limestone beds grade laterally and down section into
medium- gray, fine-grained dolomite. Lower beds consist
of medium-light- to dark-gray, aphanitic to coarse-grained,
laminated to medium-bedded, locally slightly fetid dolomite
having thin black chert beds, quartz-sand laminae, and
oolites. Lenses of light-gray, very coarse to coarse-grained
dolomite and floating quartz sand grains and quartz-sand
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Figure 1. Bedrock geology map.

stringers at base of sequence. Lower contact placed at top
of distinctive medium-gray quartzite. Unit is about 183 m
(600 ft) thick.” (NJGS, 2000).

The quality of the NJGS work in many areas of the State,
with its many variations in structure, material types
and tectonic history is of great value to geotechnical
consultants. In this instance, comparing good test boring
data to the various NJGS descriptions of the Lower
Beekmantown Formation and Allentown Dolomite would
have allowed a better understanding of the site subsurface.

The basin site is mapped as being very close to a
formational contact with the Allentown Dolomite, which
likely dips below the site at a relatively shallow depth.

In our experience, the Lower Beekmantown and
Allentown have proven solution-prone wherever
encountered in New Jersey and Pennsylvania.

The existence of nearby faulting is significant as much
dissolution in this region is generally related to stress
conditions and resultant fracturing. The southeasterly
dip to the carbonates in the locale is also of significance
as solutioning varies with differences in the bedrock
constituents affecting cavity formation along fracture
trends as well as bedding.

The Conclusions and Recommendation section of the 2007
geotechnical report starts by stating “Neither the borings



nor our observations revealed any evidence of solutioning,
subsidence, sinkhole or other karst topographic features
that preclude site development.” The senior author’s review
of the drilling logs indicate that of the 20 borings drilled
deeper than 2.4 m (8 feet) below grade, 18 showed some
evidence of karst features such as drilling fluid losses, soft
soils atop the bedrock surface, variations in rock depth over
short horizontal distances, open fractures and seams, and
the redirection of the drill string from pinnacles.

Stormwater Detention/Infiltration
Subsurface infiltration of storm water after some form
of sediment removal is generally considered mandatory
(with some exceptions) in New Jersey. Originally, the
design proposed a surface detention basin, presumably
with sufficient infiltration to recharge the local
groundwater regime with an equivalent amount of
precipitation that would be lost to impermeable cover
(a New Jersey Department of Environmental Protection
[NJDEP] requirement for new construction). During the
municipal review process, the Planning Board advised
the college that subsurface stormwater detention/
infiltration was more desirable. In fact, the geotechnical
consultant’s report provided two short paragraphs of
recommendations for a “subsurface stormwater disposal
system” without noting any concerns for the carbonate
bedrock below the basin area.

In addition, the new construction included several open-
bottomed stormwater inlet/dry well basins. Other such
basins had been installed throughout the campus during
earlier construction; their age evident by their brick and
mortar construction.

So essentially, the college went ahead with the various
engineering recommendations without any warning
from their professionals as to the problems that could
exist as a result of the karstic subsurface.

Sinkhole Occurrence and Remediations
Depressions and two sinkholes began to form in and
near the parking lot surface in the fall of 2010 (Figure
2). The first step proposed to the college by the original
consultants/designers was to video the length of the five
rows of HDPE chambers. The video survey reported
pipe/chamber conditions ranging from “good condition”
to “punctured” and “cracked”. The next step was to
excavate the northwestern corner of the system. After
inspecting the excavated area, one of the solutions offered

Figure 2. Sinkholes in the subsurface sformwater
System.

by the original geotechnical engineering firm was to fill
the sinkholes with a “cementious/fly ash flowable fill or
lean concrete”. In the authors experience, conventional
“flowable fill” does not flow well, usually does not have
sufficient cement to bond the aggregate, and shrinkage
results in passages that allow water inflow and erosion
into open subsurface cavities/fractures

An additional recommendation was to fill sinkhole
throats with a “graded rock porous plug”. This alternate
would essentially construct a Class V injection well,
which requires prior approval from the NJDEP, which has
not been granted in any such proposal to our knowledge.

Asaresultofexfiltration from the system, the geotechnical
consultant and general contractor recommended that the
areas of concern be excavated for exploration under their
technical supervision, resulting in a hole some 15.2 m
(50 feet) wide by 18 m (59 feet) long by 4 m (13 feet)
deep (Figures 3 and 4).

Before the next phase of the remediation was initiated,
two more sinkholes opened. A combination of graded
rock backfill (with “geogrid reinforcing”) and low
mobility (compaction) grouting by a specialty contractor
was attempted to complete the remediation of four areas
of concern (Figure 2). A total of six grout holes were
planned and ten were actually drilled. The total amount
of grout placed was 17% m?® (22% cubic yards), injected
in 0.6-m (2-foot) grouting stages until the surface was
reached. A specified “volume cutoff” of ¥ m? (1 cubic
yard) was reached in 16 of the 0.6 m (2-foot) stages in
the ten grout holes drilled. Hence, there was no proof
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that a total of 9.75 m (32 feet) in these ten holes were fully
grouted. This work was completed in December of 2010.

The authors were contacted in the fall of 2011 when
additional sinkholes started to form in the parking lot
adjacent to the stormwater system area (Figures 5 and
6). After discussions with the client and reviewing the
available data for the stormwater system (which included
a report from college maintenance personnel that the
subsurface stormwater system had never “detained”
water, even subsequent to large precipitation events),
a Request for Proposal was prepared and sent to three
prospective bidders, including the grouting contractor
that performed the original low-mobility remediation
(who declined to bid).

The other two contractors contacted provided closely
competitive proposals, but previous history and the

Figure 3. Exposed rock and sinkhole throat at
bottom of stormwater system.

Figure 4. Reinstallation of stormwater system (note
graded rock in sinkhole at bottom right of photo).
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ability to mix on site were important in selecting the
winning bidder, Compaction Grouting Services (CGS).

Grouting Concepts

In consideration of the potential problems extant at
the site, it was deemed necessary to have a flexible
investigation and remediation program (e.g., Fischer and
Fischer, 1995). The bid specifications included provision

Figure 5. Parking lot sinkhole adjacent to
stormwater system.

Figure 6. Parking lot sinkhole adjacent to
stormwater system.



for both high- and low-mobility grouting operations using
varying proportion of cement, water, fine (e.g., mason)
sand and an anti-shrinkage/fluidizer agent (in this case
bentonite). Grout was to be injected through vertical and
angled exploratory probes (so as to reach areas below
the system without compromising the existing system)
that would be logged by experienced geotechnical
personnel. Alternative drilling methods were invited in
the specifications and costs provided by the bidders. For
economy and expediency, the grout holes were advanced
using air-percussion (hydro-track) equipment.

The remediation was to be performed by a firm experienced
in karst grouting. Mixers and pumps had to be able to handle
a range of expected grout blends and viscosities, including
the provision for a setting agent, which could change from
location to location and depth upon the judgment of the
grouting technician in charge. Potential ground heave was
closely monitored during the grouting operations.

The need to maintain effective infiltration, as well as the
variety of conditions expected during drilling within and
immediately adjacent to the system required a flexible
drilling and grouting program. The lack of useful and
reliable subsurface information increased the original
concerns for performing a quality job. To exacerbate our
geotechnical concerns, the first exploratory probe hole
drilled encountered an 5.5-m (18-foot) open cavity in
the parking area. That hole was less than 3 m (10 feet)
from the system and was initially drilled to isolate the
stormwater system for remediation.

Grouting Operations

The stabilization program began near the subsidence
features by drilling and grouting about 3 m (10 feet) from
the detention/infiltration system, working outward from
the aforementioned system. These holes were either tremie
grouted or grouted under low pressure (69-138 kPa or 10-
20 pounds per square inch [psi]). The grouting began using
high mobility grout produced and injected through tremie
method using a ChemGrout® (CG 600 3X8DH, Figure
7) in an attempt to seal off small passages leading to the
system. This system used a colloidal mixer, agitation tank
and a high pressure piston pump. However, high grout takes
were experienced, indicating that bedrock cavities/openings
were more extensive than originally anticipated; so a low-
to mid-mobility (low-mobility grouting methods using a
thinner, 15- to 20-cm [6- to 8-inch] slump grout mix) grout
was used except at select locations where drilling air losses

were minimal and the grout holes were greater than 3 m (10
feet) from the system. The mid- to low-mobility grout was
mixed and delivered by a 7.6 m* (10 cubic yards) capacity
mobile site mixer and a Putzmeister TK 15 HP grout/
cement pump (Figures 8 and 9).

Figure 7. ChemGrout® CG 600 3X8DH.

Figure 8. 10 cubic yard mobile site mixer with
Putzmeister TK 15 HP pump af rear.

Figure 9. Installing casing into the grout hole.
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The specifications indicated that 1.5 m (5 feet) of sound
rock was to be penetrated prior to terminating drilling.
Grout injection points were drilled to depths ranging
from 5.5 to 19.2 m (18 to 63 feet) with an average
drilled depth of 8.7 m (28.5 feet). Some difficulties were
encountered installing the grout pipe to the bottom of
the drilled hole due to ledges of rock and poor quality
rock. Grout takes for the injection locations ranged from
about 0.02 to 2 m*m (1 to 100 cubic feet per linear foot)
of hole injected with an average grout take of 2.13 m*/ m
(23 cubic feet/linear foot) injected.

The original intent of the exploratory/grouting program
was to seal the causal “throats” of the new sinkholes
adjacent to or at the edge of the stormwater system to
isolate it from potential areas of concern. As the work
progressed (in heavy rains), a lengthy crack appeared
to open in the central portion of the previously repaired
system and parking lot requiring a revision to the
planned program.

One unexpected problem with the grouting operations
did arise as a result of the unusual subsurface
conditions. While mid-mobility grouting one hole
some 6 m (20 feet) outside the system at the 9.75-m
(32-foot) depth stage, grout did find its way into the
chamber system at a compromised pipe joint. Pumping
pressures (measured at the grout hole head) were
just 138 kPa (20 psi) at the time. This necessitated
the removal of the grout from the system by a bucket
brigade manning 19-liter (5-gallon) pails and likely
helped stabilize a small section of the system with
connection to a bedrock cavity.

At the location of the aforementioned crack that
appeared during initial grouting operations, the
centerline between the two closest, linear chamber runs
of the system was “marked out”. An attempt was then
made to penetrate the stone fill around the system using
a skid-steer mounted air-track that uses drill casing
with a bit that can be extracted through the installed
casing. The idea was to grout below the stormwater
system, using low-mobility methods, to the bottom of
the system; then removing the remaining casing while
pouring pea gravel into the casing to fill the void in
the system’s gravel. However, the air-losses within
the stone fill prevented any cuttings from reaching the
surface and that drilling effort was abandoned before
the bottom of the basin was reached.
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Site Subsurface Conditions

As should be expected in any grouting operation,
particularly at a karst site, the authors’ knowledge of the
subsurface was refined as more data was derived from the
drilling and grouting operations. The exploratory drilling
operations and subsequent grout injections revealed at
least one northwest/southeast trending solution feature,
likely controlled by fracturing roughly perpendicular
to the general geologic strike of the region. Another
solution feature seemed to parallel one edge (long axis)
of the system. Although no linear pattern of sinkhole
formation was evident by reconnaissance, these features
became evident through exploratory drilling by cavities
at varying depths and a generally deeper bedrock surface,
as well as significant grout takes.

The most problematic of these solution features trended
through a corner of the system and into the area of the
student center, in line with one of the borings performed
prior to construction where concerns were noted during
the data review. This feature was followed well outside
the stormwater system in an effort to preclude further
collapse in the parking lot and loading ramp areas.

One other aforementioned feature appeared to be below
the system, parallel to its long axis. This feature was
grouted using angle holes drilled from outside the system
at about a 10 degree angle so as to penetrate below the
basin without encountering it directly. A mid- to low-
mobility grout was then placed only to the depth of the
bottom of the system.

During the operations, two solution features indicated by
drilling and grouting intersected near the northeasterly
corner of the system where the largest grout takes were
experienced. This area evidenced extensive grout hole
connection, mostly through drilling air exiting another
nearby hole. On one occasion, this cross-connection
evidenced drilling air connection through two probe
holes bypassing another almost directly in the middle.
Grout hole connections indicated by grout movement
was noted, but was far less prevalent than the drilling air
connection.

Another feature appeared to be related to a stormwater
inlet and pipe some 12.2 m (40 feet) from the system
and 22.9 m (75 feet) from the closest area of concern.
Minor subsidence was noted adjacent to the inlet. This
area was grouted through two holes bracketing the basin



using high-mobility grout as extensive cavities were not
encountered. Some 3.4 m? (4% cubic yards) was placed
in one grout hole, which then appeared within the other.

Summary and Conclusions

New Jersey regulations and space concerns are making
subsurface stormwater detention/infiltration systems
(with some form of preliminary treatment) more
common in non-karst regions. However, as with above-
ground stormwater detention, karst concerns have been
accepted by some Municipal and State regulatory groups
as a sound reason to completely eliminate the infiltration
portion of the system. Thus, impermeable liners and
qualified inspection of the subgrade by karst-experienced
personnel have been more commonly recommended at
sites underlain by carbonate bedrock.

As a result of the sinkhole problems in the stormwater
detention/infiltration system, the stormwater inlet/dry
well basins installed during previous construction were
being eliminated by sealing the bottoms with concrete.

The exploration and remediation work for this
subsurface stormwater detention/infiltration system
was a most challenging project. It required a combined
effort by a number of groups and individuals that has
apparently yielded a functioning system at a difficult
karst site. College administrative and maintenance
personnel provided information and assistance that
greatly increased the efficiency and effectiveness of the
drilling and grouting operations. The flexible exploratory
grouting program directed by experienced geotechnical
personnel was implemented through a competent and
cooperative grouting contractor and experienced crew.

The various combinations of vertical and angled
drilling seemed successful and the contractor’s
ability to vary the grout mix upon short notice was
invaluable considering the highly variable conditions
below the site. Additionally, the system appears to
detain water after precipitation events as a result of
the remediations described herein, yet still effectively
allows infiltration.

As with most grouting projects, these operations were
deemed complete without full knowledge of the extent
of solutioning in the area of concern and the ability of
any grouting concept to eliminate all future problems.
However, to date, no evidence of additional problems

have revealed themselves in the vicinity of the subsurface
detention/infiltration basin.

More than 245 m (800 feet) away, however, a sinkhole
appeared at a combination catch basin and dry well
located in an older portion of the campus underlain by
the Allentown Dolomite. As important infrastructure
was not threatened, a simple fix was employed; excavate
in an effort to find the throat, inspection, flooding and the
introduction of a “pumpable flowable fill” mix.
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Abstract

The challenges presented by geohazards play a
significant role in the permitting of environmental
facilities, particularly those situated in karst geologic
settings. With regards to landfills, and specifically to
municipal solid waste (MSW) landfills, regulators have a
significant responsibility to protect the environment and
must make decisions regarding the siting and permitting
of'these facilities. While these decisions are based on their
objective assessment of site-specific characterization
information, their decisions are often scrutinized by
the public and by the owner/permittee...entities that
often (and usually) have contrasting interpretations of
the same site characterization information. The Florida
Department of Environmental Protection (FDEP) has
initiated an innovative approach to help the agency in
the decision-making process by convening a Technical
Advisory Group (TAG), comprised of several agency-
and industry-recognized experts who are experienced
in the investigation, characterization, permitting, and
construction of engineered facilities in karst settings.
Through a process involving the compilation and
assessment of various site-specific factors, the TAG
is working with FDEP personnel to develop specific
and objective guidelines that can be used by owners,
permitees, consultants, and the agency in developing
investigation, characterization, design, construction,
operations, and monitoring strategies for facilities
overlying karst geologic conditions. The activities of
FDEP and its TAG are actively reviewed by the public,
who have also been requested by FDEP to participate in
the process of developing these guidelines. The objectives
for making this presentation are twofold, specifically to
provide information to and then solicit information from
the conference participants (and readers). The approach
being taken by FDEP and the TAG focuses on technical

issues regarding the investigation, characterization,
design, and construction of engineered facilities in
karst geologic settings. The authors recognize that these
technical issues impact all engineered facilities, not
just those constructed for environmental applications.
Therefore, the approach developed by FDEP may benefit
other agencies, owners, and consultants who face similar
challenges. The participants at this conference likely have
specific experiences and can offer recommendations that
will ultimately be beneficial to the DEP and the TAG.
In this presentation, the authors will actively engage
the participants and will request input based of their
experience and expertise.

Introduction

It is often said that we can only be certain of two things. ..
death and taxes. Geotechnical and geoenvironmental
professionals can safely add three more relative
certainties: (i) as a society we continue to generate
large amounts of garbage (i.e., MSW) that require safe
long-term disposal; (ii) few people want MSW disposal
facilities (i.e., landfills) located “in their backyard”;
and (iii) geohazards that restrict the location of these
unwanted landfills come in all sizes and shapes and exist
across the U.S. Regarding modern landfills, which have
a nearly 20-year duration track record of demonstrated
performance, there is a reticence of the populace to view
this as a “societal need” and prefer that the problem be
shifted to others at other locations. Regarding geohazards
that pose problems to landfills, karst represents one of
the most significant geologic hazards in the State of
Florida, which is one of the most populated states in
the country. Across Florida, and particularly in Central
Florida where the karst is prevalent and the population
is dense, it is easy to project a major problem when a
societal need runs headlong into geologic constraints.
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In anticipation of the collision course, the Florida
Department of Environmental Protection (FDEP)
has taken a proactive course of action to develop
technically rigorous recommendations regarding the
siting, permitting, design, construction, operations, and
monitoring of MSW facilities in the State that need to
be located over karst terrain. This paper will identify
the State-specific problems that face the geologic,
geotechnical, water resources, and geoenvironmental
professionals who must deal with the often competing
demands placed by society in dealing with the disposal
of MSW and the locations of the disposal facilities.
The authors will then describe a unique State-initiated
proactive strategy for addressing the waste disposal
problems caused by the challenging geologic conditions,
with an objective of developing technically defensible
and objective regulations for MSW disposal facilities
in Florida. Finally, the authors will solicit opinions and
experiences from the participants of the conference
regarding improvements to this initiative, recognizing
that “do nothing” or “take the waste elsewhere” is not a
sustainable alternative.

The Problem...MSW and Geology
Before a strategy can be developed, a sense for the
magnitude of the problem needs to be recognized. In Florida
(as well as in many parts of the country), the “problem”
is a combination of the need for landfill airspace and the
prevalence of karst in the underlying geologic formations.
A brief summary of these problems follows.

MSW in Florida - Past and Future Trends
Regarding solid waste practices and experiences, Florida
follows many of the trends evident across the country.
Figure 1 shows the reality of solid waste generation in
Florida over the past 20 years.

Solid Waste Managed in Florida

40,000,000

35000000

30,000,000

25000000

Mansged
—— Landited

£ 20000000
£ 2000,

15000000 Combusizd

- = Racyled
10,000,000

5000000 —=—

(]

1992 199 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year

Figure 1. Solid Waste Disposal Trends in Florida
(FDER 2012, written communication).
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The downward trend since 2005 is a combination of
country- and State-wide emphasis on waste reduction
and on the recent economic conditions in the U.S. If
these trends are compared to national trends and coupled
with the population, results indicate that in Florida, the
waste generation can be represented as approximately
3.5 kg (7.8 pounds) per person per day compared to a
national average of 2.0 kg (4.4 pounds) per person per
day. Consistent with national trends, prosperity leads to
an increase in MSW generation per person. When these
trends are coupled with the future estimated population
growth in Florida (Figure 2), the impact of population
growth on solid waste disposal needs is staggering.
Interestingly, the Florida population growth trend of
about 250,000 people per year (ppy) is approximately
10% of the projected national population growth trend
of 2,500,000 ppy (FAIR, 2006). Clearly, the popularity
of the 4™ most populated state in the country is projected
to increase over the next several generations. As can be
seen in Figure 1, it would require an extreme paradigm
shift in public policy, public response, and waste disposal
practices to have a significant impact on long-term MSW
disposal needs.

To further demonstrate the MSW disposal issues facing
Florida, consider the locations in Florida where people
want to settle. Figure 3 shows the current population
density across the State. People clearly like to live in
Central Florida.

Finally, over the past several years, most states have
seen an overall reduction in the number of solid waste
disposal facilities. This is demonstrated in Figure 4,
which reports the number of active MSW disposal
facilities across the country. The national trend over the
past 20 years clearly shows that the number of facilities
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Figure 2. Florida Population Projections
(FLEDR, 2011).



Figure 3. Florida Population Density (FL EDR, 2011).

has precipitously decreased to only (on average) 39
MSW disposal facilities per state. Currently Florida has
40 active landfills and 80 closed facilities. The question
is “Where do Floridians place waste in the future and
how much capacity is needed?”

Karst Geohazards in Florida

Karst and the underlying problems associated with the
geologic conditions are well known to most Floridians,
especially to our conference co-organizers from the
University Of South Florida in Tampa. Perhaps the most
famous (infamous) is the May 1981 “Winter Park Sinkhole”
measuring approximately 98-m (320-ft) in diameter and
27-m (90-ft) deep that comprised almost an entire city block.
Although detailed formal historical records may be infrequent,
the Florida Geologic Survey (FGS) has recently compiled
and published records, primarily to assess the impacts of
subsidence and sinkholes on groundwater resources. Figure
5 shows the six districts of Florida identified by the FGS and
present locations of reported subsidence.

Figure 4. MSW Landfills in the U.S. (USEPA, 2009).

As shown on this figure, the two districts comprising Central
Florida (i.e., Southwest District and Central District)
account for 85 percent of the nearly 2,300 reported episodes
of subsidence. When the Northeast District is added to
this list, the locations of nearly 95 percent of the reported
episodes are included. Independent records maintained
by Florida’s Water Management Districts (WMDs) and
verbally provided to the authors provide nearly identical
results. Clearly, the problems of subsidence and sinkholes
are regionalized. The FGS used data compiled from
around the State to develop Florida Aquifer Vulnerability
Assessment (FAVA) maps. The FAVA for the prolific
Floridan Aquifer is presented in Figure 6.

Figure 5. Map Showing Reported Subsidence Areas
(FDER 2010, written communication).

Figure 6. Florida Aquifer Vulnerability Assessment
(FAVA) Map for the Floridan Aquifer (FDER, 2010,
written communication).
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This map was developed when FGS considered: (i) depth
to the groundwater table; (ii) hydraulic head difference
in the aquifer; (iii) thickness of the confining unit; (iv)
distance to known karst features; (v) overburden soil
permeability; and (vi) aquifer system overburden.
Comparing Figures 5 and 6 provides the compelling
observation that the most valuable groundwater resource
in the State is most vulnerable in the areas where virtually
95 percent of the reported subsidence is located.

Finally when one links these findings regarding geologic
and hydrogeologic conditions with the previous section
regarding solid waste needs, a foreboding observation
develops. It is anticipated that the areas where the
population density is the highest (Figure 3) are where
there will be the largest need for landfill disposal airspace
in the future. Further, this area is where the potential
for subsidence and sinkholes is highest (Figure 5) and
where the Floridan Aquifer is most vulnerable (Figure
6). Furthermore, it is noted that the areas of subsidence
and aquifer vulnerability, hereinafter referenced as
“sensitive” areas, comprise nearly 60 percent of the total
land area in the State. Clearly, a hasty reaction to simply
prohibit the siting of landfills in these sensitive areas
would place a hardship on other areas of the State where
the landfills (likely large landfills) would be sited and
would result in significant adverse financial impacts to
residence of Central Florida due to high transportation
costs. FDEP anticipates that future MSW landfills will
be sited within Central Florida. These figures indicate
that there are significant technical and environmental
challenges across the State. Technical differences of
opinions are inevitable between environmental groups,
landfill developers, the public, and the FDEP unless
consistent, defensible, and fair solid waste policies and
guidelines are developed and enforced.

The Solution...Development of FDEP
Guidance Documents

The FDEP has developed and currently maintains and
enforces solid waste regulations in the State that exceed
the U.S. Environmental Protection Agency (USEPA)
“Subtitle D” requirements regarding the siting, design,
construction, operations, and performance of MSW
disposal facilities. The FDEP has followed USEPA
guidelines and like other states that experience karst
geologic conditions (including Alabama, Arkansas,
Kentucky, Minnesota, Pennsylvania, and Tennessee),
has taken aggressive regulatory positions regarding the
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need for the MSW permit applicant to provide long-term
protection of groundwater resources by establishing: (i)
landfill design guidelines; and (ii) groundwater monitoring
guidelines. With regards to groundwater monitoring
requirements, these State regulations acknowledge
that the groundwater regime in karst geologic settings
is significantly governed by discrete conduit flow, in
contrast to continuous porous media flow in aquifers
comprised of granular media. The FDEP has taken a
strong position that its policies are directed to protecting
groundwater and minimizing potential adverse risks to
its aquifer systems. Therefore, the FDEP regulations
explicitly recognize the importance for the applicant to
demonstrate an understanding of the groundwater flow
regime and develop a groundwater monitoring system
for the site-specific conditions. These regulations apply to
sites located in karst and non-karst settings.

FDEP Rules and Regulations

In addition to its influence on the groundwater flow
regime, karst can also impact the structural stability
of the landfill itself. The FDEP regulations (as well as
the regulations in most other states) address issues of
structural stability. Specifically, several specific sections
of the Florida Administrative Code (FAC) are cited to
provide examples of how regulations (and regulators)
address issues related to landfill stability (italics added
by authors for emphasis):

* Rule 62-701.300(2)(a) regarding prohibition for
siting requirements for all solid waste disposal
facilities states... “unless authorized by a
Department permit or site certification in effect on
May 27, 2001, or unless specifically authorized by
another Department rule or a Department license
or site certification based upon site-specific
geological, design, or operational features, no
person shall store or dispose of solid waste....
in an area where geological formations or other
subsurface features will not provide support for
the solid waste;”

* Rule 62-701.340(3)(a) regarding the location
requirements for all landfills states that ...”the
site shall provide structural support for the facility
including total wastes to be disposed of and
structures to be built on the site;”

* Rule 62-701.400(3)(a)2 regarding the design
requirements for all landfills states that composite
soil and geosynthetic liners shall be ...”installed
upon a base and in a geologic setting capable



of providing structural support to prevent
overstressing of the liner due to settlements and
applied stresses;” and

* Rule 62-701.410(2)(b) regarding geotechnical
site investigation requirements for all landfills
and construction and demolition (C&D) debris
disposal facilities states the ...”prior to any
construction on the landfill site, the engineer
shall define the engineering properties of the site
that are necessary for the design, construction,
and support of the landfill and all installations of
the facility and shall...explore and address the
presence of muck, previously filled areas, soft
ground, lineaments, and sinkholes.”

These regulations leave significant latitude for the
applicant to make the requisite demonstrations and
there are opportunities for subjective judgment. For
example, with regards to geotechnical site investigation
requirements above, one engineer may believe that the
site can be adequately characterized using 1 boring per
hectare (2.4 borings per acre), while another may believe
that variability at the site warrants a density of greater
than 4 borings per hectare (10 borings per acre). In many
cases, the regulations leave decisions to the discretion
of the professionals tasked with preparing the permit
application. The FDEP, however, recognizes that even
comprehensive site-specific geotechnical investigation
and geologic characterization studies require the educated
judgment and opinions of professionals regarding an
interpretation of data and facts. This interpretation of these
study results must be provided in an application prepared
on behalf of the applicant that demonstrates compliance
with the FDEP regulations. To issue an FDEP permit for
an MSW facility, the applicant must provide “reasonable
assurance” to the FEDP that the proposed project will
comply with the State regulations. Rule 62-701.200(94)
importantly states that ...“reasonable assurance” means
the existence of a substantial likelihood, although not
an absolute guarantee, that the proposed activity and
applicant will comply with agency rules, laws, orders
and permit conditions. It does not mean proof that
a facility will not fail.” It is noted that this section of
the regulations recognizes that the permitting test is for
“reasonable assurance” not for “absolute assurance.”

The landfill permitting process in Florida (and all
other states) requires that professional engineers and
geologists prepare technical applications that provide
the previously stated “reasonable assurance.” The

permitting applications are first reviewed by the FDEP
for regulatory compliance and are subject to the permit
test for reasonable assurance. The permit application and
the FDEP comments are then subject to public review
and scrutiny. In many cases the interpretations of the
geotechnical investigation and geologic characterization
studies, as well as the FDEP opinions, are subject to
an independent assessment by the public reviewers
regarding regulatory compliance and reasonable
assurance. In addition, particularly for permits involving
controversial sites, the findings and interpretations of the
public’s review (often by other qualified professionals)
will differ from those of the FDEP and the applicant’s
professionals. This often leaves the FDEP in the
middle of technical disagreement between qualified
professionals and the reality that regardless of its decision
as a “referee”, the FDEP will be the subject of rebuke
and potential litigation from either the applicant or the
public. The FDEP has successfully faced the realities of
this “regulatory environment” since the promulgation
of the USEPA’s Subtitle D regulations. For sites and
topics where controversy or technical challenges are
anticipated, FDEP (and regulators in other states) have
taken the initiative to develop “Technical Guidelines”
to assist the applicant’s understanding of the State’s
expectations regarding the permitting process.

For reasons described previously, there is significant
applicant and public “response” regarding recent MSW
landfill permit applications for sites in Central Florida.
In addition, FDEP recognizes future challenges facing
this region as summarized in the previous section of this
paper. To address these issues, the next section describes
a proactive approach that FDEP has taken regarding the
siting, permitting, design, construction, operation, and
monitoring of MSW disposal facilities located in karst
geologic settings.

Development of a Technical Advisory
Group (TAG)

To assist the agency in this initiative, the FDEP has
commissioned a Technical Advisory Group (TAQG)
comprised of a number of engineers, geologists, and
scientists from both the public and private sectors with
expertise in karst assessment to help the agency in the
development of additional technical guidance. This
guidance will assist: (i) the applicant in its preparation
of MSW permit applications; (ii) the FDEP personnel
responsible for technical review of the permit application
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to verify compliance and reasonable assurance; and
(iii) the public in its review and critique of the permit
applications. The charge to the TAG is to assist the
FDEP in the development of technical guidance for
the siting, permitting, design, construction, operation,
and monitoring of MSW disposal facilities sited in
karst settings. The two primary objectives of this
technical guidance includes specific recommendations
that will help: (i) the FDEP decide how to evaluate
these permit applications and then issue the solid
waste disposal permits; and (ii) the applicant know
what information should be submitted in these permit
applications. Importantly, the FDEP required that site-
and region-specific recommendations be provided but
acknowledged that in developing the guidance, there
needs to be a balance between “cost of assessment and
investigation” and the “risk of failure.” Furthermore,
the guidance needs to apply both “good science” and
“reasonable judgment” when making recommendations.
Finally, because the TAG members represent a diverse
group of professionals, FDEP required that members set
aside personal interests, if any exist, and focus on what
is really “good” for Florida.

Specific Objectives of the TAG

Recall that the primary objective of the USEPA and FDEP
regulations was protection of groundwater resources.
FDEP recognized the USEPA findings that essentially
validated the intention of the Subtitle D regulations.
Specifically, the findings presented in Bonaparte, et al,
(2002) demonstrated that the composite liner system
design and the leachate management system design and
operations requirements promulgated by the Subtitle D
regulations resulted in landfill liner systems that were
protective of groundwater. As mentioned previously,
the challenge in the geologic setting in Central Florida
is to assure the structural integrity of the liner system.
Therefore, the FDEP charge to the TAG was to provide
specific guidance to help the FDEP gain “reasonable
assurance” that the foundation below the landfill would
provide sufficient strength to maintain the structural
integrity of the landfill liner system. To accomplish this
objective, the FDEP requested that the TAG develop
specific guidance regarding (in order of priority): (i) using
physical and geophysical techniques for characterizing
sinkhole potential of a site; (ii) determining if potential
sinkhole risks for a site are low, moderate, or high;
(iii) deciding when a site cannot be used or can be
used if properly stabilized; (iv) stabilizing a site and
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determining that stabilization was achieved; and (v)
monitoring a disposal facility for sinkhole formation.
A brief discussion of the approach used to address each
of these tasks and preliminary recommendations by the
TAG follow.

Characterizing Site for Sinkhole Potential

The first and most important step is to adequately
characterize the potential site. At a minimum, this task
includes: (i) review of geologic information regarding
the area, particularly the conditions within a 16-km (10-
mile) radius of the site; (ii) review of historical aerial
photographs of the area within a 16-km (10-mile) radius
spanning several years (or decades when possible)
followed by physical inspection of the site with photos
“in hand”; (ii) geophysical investigation along several
transects, including orthogonal transects that intersect
at the location of specific invasive subsurface borings/
soundings; and (iv) physical invasive investigation,
sampling, and in situ testing. This strategy recognizes
that the potential for sinkhole development starts at
a region-wide level before it eventually gets to a site-
specific consideration. If there are reported subsidence
features within the 16-km (10-mile) radius, reports
should be cited and details of the features should be
included in the permit application. With regards to the
geophysical testing, electrical resistivity and ground
penetrating radar (GPR) seem to be common techniques
that have been used successfully in Florida. Other
techniques will be considered. It is critically important
that these non-invasive tests be “calibrated” at specific
locations by having the transects intersect select boring/
sounding locations. Invasive testing can include hollow
stem auger or mud rotary drilling, with the latter being
preferred due to the ability to note “rod drop” and “slurry
loss.” Soil samples and rock cores should be collected.
In situ testing can include the Standard Penetration Test
(SPT) or the Cone Penetrometer Test (CPT). The TAG
is currently considering the recommended minimum
number of geophysical transects, the depth and extent of
coring, and the minimum number of borings/soundings,
as well as the recommended laboratory tests. The
recommendations will vary depending on the findings
from the geological and aerial photograph review.

Assessing Sinkhole Potential Risks

Perhaps the most difficult task facing the TAG is the
assessment of the risk of a sinkhole developing at the
proposed MSW disposal site. The FDEP would like



the assessment to report a “high”, “medium,” or “low”
risk to the landfill stability in the event of sinkhole
activation. Essentially this implies pre-formation
information regarding the potential size of the sinkhole,
as large sinkholes present significant challenges to the
landfill liner integrity. The TAG is considering a detailed
assessment of the FGS and WMD files regarding the
location and size of the reported subsidence features
so that regional lessons can be reported based on past
performance. At a minimum, the TAG hopes to adopt or
develop objective criteria that defines high, medium, and
low risk.

Evaluating Site Suitability

One of the objectives from the previous task (i.e.,
assessing risk should a sinkhole develop) is to develop
objective evaluation criteria to assess site suitability for a
MSW disposal facility. Although in its preliminary state,
the TAG anticipates that there will be a strong correlation
between the high, medium, and low classification in
the previous step and the assessment of site suitability.
The TAG recognizes the argument from applicants
that “all sites are potentially suitable for development
provided there is sufficient stabilization and adequate
engineering control.” The FDEP does not necessarily
want to “condemn” a site a priori, but clearly wants
to make the applicant aware that certain geologic
conditions will render a site essentially “unsuitable
“due to the likelihood of sinkhole development and the
risk of the sinkhole on the integrity of the landfill liner
system. Figure 7 provides an example of a potentially
“unsuitable” site. This aerial map, when combined with
historical photos from the previous 20 years, showed a
gradual and steady development of large sinkholes that
extend to the ground surface and “grow” over time. For
most sites (and in particular this site), it is important to
understand the geologic setting and the sinkhole-forming
mechanism to assess whether it is economical to “arrest”
future sinkhole development or better to simply abandon
the site.

Defining Site Stabilization Measures

One of the major contributions of the TAG will be to
help the FDEP define minimal stabilization efforts
that may be required to improve the suitability of the
site to a level that provides “reasonable assurance” to
the FDEP that the site can be developed in compliance
with the FDEP regulations. Depending on specific
site conditions, techniques may include (but are not

Proposed

Figure 7. Example of a Potentially Unsuitable Site.

limited to) deep dynamic densification, local or large-
scale grouting, reinforcement, and over-excavation
and replacement. The stabilization efforts will require
that the applicant demonstrate the effectiveness of the
selected stabilization remedy. With reference to Figure
7, it is difficult to envision any strategy that does not
completely over-excavate and replace all of the soil
overburden soil followed by treatment of the foundation
bedrock. One aspect of stabilization that concerns the
TAG is what is referenced as “The Dutch Boy Solution,”
in which the plugging of one hole in the dike simply
caused a new hole to form. Stabilization alternatives will
need to consider “site wide” stabilization efforts or at
least the impacts of “localized” stabilization efforts on
overall site stability.

Monitoring for Sinkhole Formation

The FDEP acknowledges that the construction of a
landfill, particularly large facilities, can alter the pre-
development groundwater flow regime. The landfill has
a beneficial effect of loading the foundation soils and
restricting the vertical infiltration of water. However, site
development plans can have adverse effects. Specifically,
the design of surface water management ponds,
localized infiltration of surface water, and excavation
(i.e., unloading) the foundation soils can increase the
potential for sinkhole development. The TAG anticipates
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that there will be recommendations for monitoring the
site, as well as the surrounding parcels of land, for early
indications of new sinkhole formation. Unfortunately,
simple settlement monitoring is insufficient because
the solid waste itself decomposes over time resulting
in significant mass loss and self-weight compression.
These recommendations will include provisions by the
applicant for modifying operations and addressing these
features should they occur.

This section identified the overall strategy being
undertaken by the TAG to assist the FDEP. The
primary objective of the TAG is to provide objective
recommendations and minimum expectations regarding
exploration and investigation programs that are based
on regional- and site-specific conditions. The goal is
that these efforts and objective recommendations will
provide a “level playing field” for all MSW permit
applicants.

The Solicitation...Obtaining
Feedback and Recommendations
from Karst Experts

The purpose of this paper was to describe a strategy
currently being implemented by the FDEP to
improve the MSW landfill permitting process in
karst geologic settings. Several of the charges to
the TAG involve attempting to quantify a complex
geologic phenomenon. The authors recognize that
the participants at this conference (and readers of
the proceedings) may have specific experience that
could benefit the FDEP and its TAG. Therefore, the
authors explicitly solicit feedback and suggestions
regarding the strategy identified. Specifically,
are the participants/readers aware of or have
recommendations regarding: (i) other similar efforts
by other agencies that would benefit the TAG, (i)
specific experience regarding the karst systems in
Florida that need to be considered; (iii) geophysical
testing techniques or test frequencies/densities that
should be considered; (iv) stabilization options
that have (or have not) worked effectively; and (v)
specific experience regarding the characterization
and monitoring of MSW landfills that should be
considered. The authors recognize that the experience
may be region-, formation-, and/or site-specific, but
the experience of the participants will be useful in
helping complete the TAG’s mission.
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Conclusion

The FDEP has developed and currently maintains and
enforces solid waste regulations in the State that exceed
the national standards but desires to improve the MSW
landfill permitting process. The State of Florida is
currently the 4" most populated State and Floridians
generate solid waste at a rate that exceeds the national
average. MSW landfills are a necessary component of
Florida’s future anticipated growth. Unfortunately,
Central and Northeast Florida comprise nearly 60
percent of the total land area in the State and is founded
on geologic formations that have experienced significant
subsidence due to sinkholes. These same areas are
within zones where the valuable groundwater resources
are considered most vulnerable and include areas of the
highest population density. The FDEP has developed a
strategy for providing MSW landfill permit applicant
with objective recommendations for investigating future
potential landfill disposal sites. It is the hope of the
FDEP and its TAG that these recommendations will help
the permit applicants provide the FDEP a “reasonable
assurance” that the siting, design, construction,
operations, and monitoring of the proposed facility is in
compliance with FDEP regulations. The authors solicit
feedback from conference participants (and proceedings
readers) regarding techniques to improve the strategies
identified in this paper.

References

Alabama Department of Environmental Management:
Land division — Solid waste program, Division
13 [Internet]. 2012. Alabama Department of
Environmental Management [ADEM]; [cited 2012
Nov 24]. 179 p. Available from: http://www.adem.
state.al.us/alEnviroReglLaws/files/Division13.pdf

Arkansas Pollution Control and Ecology Commission:
Regulation 22, Solid waste management rules
[Internet]. Arkansas Department of Environmental
Quality [ADEQ)]; [cited 2012 Nov 24]. 202 p.
Available fromt: http://www.adeq.state.ar.us/regs/
files/reg22 final 080426.pdf

Bonaparte R, Daniel DE, Koerner RM. 2002.
Assessment and recommendations for improving
the performance of waste containment systems.
US Environmental Protection Agency, Office of
Research and Development, EPA/600/R-02/099.

DEP 2010: Solid waste management facilities: 62-701
[Internet]. Florida Department of Environmental
Protection [FDEP]; [cited 2012 Nov 24]. 114
p. Available from: ftp:/ftp.dep.statefl.us/pub/
reports/62-701/62_701 1_6_10.pdf




Florida:  demographics  report 2011  [Internet].
Florida Legislature Office of Economic and
Demographic Research [EDR]; [cited 2012 Nov
24]. 25 p. Available from: http:/edr.state.fl.us/
Content/presentations/population-demographics/
DemographicOverview 4-20-11.pdf

Kentucky legislature: ~ Kentucky  administrative
regulations: Title 401: Energy and environment
cabinet department for environmental protection;
Chapter 48: section 005 through 320 [Internet].
Kentucky  Department for  Environmental
Protection [KDEP]. [cited 2012 Nov 24]. Available
from: http://www.Irc.state.ky.us/kar/title401.htm

Martin J, Fogel S. Projecting the U.S. population to
2050: four immigration scenarios [Internet]. 2006.
[Place of publication unknown]: Federation for
American Immigration Reform [FAIR]; [cited
2012 Nov 24]. Available from: http://www.fairus.
org/site/DocServer/pop_projections.pdf

Minnesota administrative rules: chapter 7035, Solid
waste: [Internet]. Minnesota Pollution Control
Agency [MPCA]J; [cited 2012 Nov 24]. Available
from:_https://www.revisor.mn.gov/rules/?id=7035

Tennessee  Department of  Environment and
Conservation: Rules of Tennessee Department
of Environment and Conservation: Solid
waste  management: Chapter  0400-11-01:
Solid waste processing and disposal [Internet].
Tennessee Department of Environment and
Conservation [TDEC]; [cited 2102 Nov 24].
Available from: http://www.tn.gov/sos/rul
¢s/0400/0400-11/0400-11-01.20120917.pdf

The Pennsylvania code: Chapter 273: Municipal
solid waste [Internet]. Pennsylvania Department
of Environmental Protection [PDEP]; cited
2012 Nov 24]. Available from: http:/www.
depweb.state.pa.us/portal/server.pt/community/
waste _management/14069/statutes and
regulations/589774

USEPA. 2009. Municipal solid waste in the United
States: 2009 facts and figures. US Environmental
Protection Agency, Office of Solid Waste,
EPA530-R-10-012.

13TH SINKHOLE CONFERENCE

NCKRI SYMPOSIUM 2

69



70 NCKRI SYMPOSIUM 2 13TH SINKHOLE CONFERENCE



A CALIBRATION TEST OF KARST COLLAPSE
MONITORING DEVICE BY OPTICAL TIME DOMAIN
REFLECTOMETRY(BOTDR) TECHNIQUE
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Abstract

Brillouin Optical Time Domain Reflectometry (BOTDR)
is a distributed fiber optic strain sensing systems based
on Brillouin scattering. This technique may potentially
become a useful tool to monitor and predict karst
collapse, especially for linear infrastructure such as
roads, highways, and railways. This paper introduces
a calibration device which is used to establish the
relationship between fiber deformation and underlain
soil -cave dimension. Based on the deformation
characteristics of the sinkhole collapse, the mechanical
relation between soil body and sensing fiber is analyzed,
and a simplified model of collapse is proposed for testing
design. The experimental tests are carried out through
the designed equipment to investigate the effect of the
sinkhole's size and the overburden stratum's thickness on
embedded optical fibers. Firstly, the sinkhole formation
process was stimulated with the orderly changes in load
on the optical fiber. Secondly, the impact of the changes
of sinkhole size on the sensing fiber monitoring was
analyzed. It shows from the experiment results that
the strain change in the sinkhole formation process
can be monitored by distributed optical fiber sensing
technology and the sinkhole size can be reflected through
the optical fiber strain range. Besides, the sensibility of
coated optical fiber in sinkhole collapse monitoring tests
varies between different types of optical fibers. Due to
the effective response of the distributed optical fiber
sensing technology to sinkhole forming and evolving, it
can be adopted in the monitoring for potential sinkhole
collapse.

Preface

Karst is widely distributed in Southwest China . Along
with the large-scale development and rapidly increasing
of human activities, geological disasters related to
karst have become prominent, especially karst collapse
(sinkhole collapse), which has become the major
geological problems of highways, high-speed railways,
oil & gas pipelines and other projects in karst region

(Chen, no date). How to avoid karst collapse, specially
its potential threat to existing projects, has become a
significant challenge for engineering geologists.

The most effective means to avoid geological disasters
is prevention. Therefore, monitoring and early warning
of karst collapse are particularly important. Current
monitoring methods for karst collapse includes Ground
Penetrating Radar (GPR) survey, Time Domain
Reflectometry (TDR) technique and monitoring of the
water or air pressure changes in underground karst
system. Periodical GPR survey may find potential
collapse abnormalities, but due to its strict working
environment, limited detection depth, professional
operation and high cost, it has limitations for long-term
monitoring . TDR technique has many advantages, such
as mature technology, distributed monitoring, anti-
interference and comparatively low price. However,
TDR cannot be used to monitor the formation process
of karst collapse because it receives only the signal from
the monitoring object which is effected by shearing
force, tension or both combined. Monitoring water
and air pressure changes in underground karst system
can only forecast the collapse risk of the karst fracture
around the monitoring points. But it cannot point out
the specific location where karst collapse may occur.
Therefore, traditional monitoring methods cannot
meet the demand for sinkhole collapses monitoring or
forecast, which usually occurs abruptly and indefinitely.
Brillouin  Optical Time Domain Reflectometry
(BOTDR) is a distributed fiber optic strain sensing
system, which can detect temporal and spatial changes
of external physical parameters at large-scales and on a
continuous basis (Tang et al., 2006). Nevertheless, there
are still many problems in the application (Jiang et al.,
2006; Li et al., 2005; Meng et al., 2011). According to
the deformation characteristics obtained from sinkhole
collapse modeling and calibration testing, we analyzed
the mechanic relation between the soil and sensing
fiber, and studied the application of distributed optical
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fiber sensing technology as a predictor of potential
sinkhole collapse.

Monitoring principle of optical fiber
sensing technology

The distributed optical fiber sensing technology is based
on three spectroscopic analysis methods including
Rayleigh scattering, Brillouin scattering and Raman
scattering. Rayleigh scattering is an elastic scattering
which does not cause frequency drift in the optical fiber.
Brillouin and Raman scattering are nonelastic scattering
which may cause frequency drift in the optical fiber (Yu,
20006). Brillouin scattering arises from the interaction
between optical and acoustic waves propagating in
the optical fiber (Figure 1). The relationship between
Brillouin scattering frequency and the temperature or
strain of the optical fiber is linear. So, the changes in
temperature or axial strain can be calculated according
to the amount of the frequency drift in the optical
fiber. In order to obtain the drift of the axial strain
only, one optical fiber sensor without external force or
a temperature sensor is adopted to offset the drift by
temperature change.

The relationship between the center frequency drift and
axial strain in optical fiber

Vg [E]
g & (D

Vgie) = Vgi0) +

where:

VB(g)- Brillouin scattering frequency of axial
stretched optical fiber;

Figurel. The principle of BOTDR.
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VB(0)- Brillouin scattering center frequency of
no stress optical fiber;

dVg(g)/0¢€ -strain coefficient;

- optical fiber axial strain.

The strain coefficient usually is 0.5GHz/%, which is
decided by the material properties of the optical fiber.
The optical fiber strain is about 0.0493MHz/pe (Liu
et al.,, 2006) when the incident pulse wavelength is
1.55um. The center frequency drift is influenced by the
temperature changes. The experimental temperature
variation is less than 5°C, so the temperature effects
were not considered.

BOTDR is a distributed fiber optical strain sensing
technology based on Time Domain Reflectometer
(OTDR) technique. According to the OTDR principle,
the scattering position can be determined by measuring
the scattered laser echo time. The distance between the
pulse laser injection point and any point in the optical
fiber can be counted by the following equation.

Z=cT/(2n) ()

where:

Z-distance;
c- light velocity in vacuum;
n- refractive index of optical fiber;

T-time difference between sending and receiving
a pulse laser.

According to Equation (1), the axial strain distribution
of the optical fiber can be calculated (Zhang et al., 2003;
Shi et al., 2005). According to Equation (2), the position
where strain occurred can be calculated.

The karst collapse monitoring model
The working principle of BOTDR for collapse
monitoring is based on the development of a karst
soil void that manifests as deformation of the
overburden time until a cover-collapse sinkhole forms
at the surface. So, a sensing fiber can be buried where
collapse may probably occur and the fiber deforms
under the load coming from overlying stratum due
to the development of a soil void. The location, scale
and development of soil void can be well understood
based on the analysis of temporal and spatial variation
of sensing fiber strain.



Deformation compatibility of fiber and soil
The formation of soil void is the result of varied
superimposing collapse factors, which causes overlying
soil deformation or potential collapse. The key to the
BOTDR monitoring is the accurate finding of such
deformation. Reasonable distribution of the sensing
fiber to keep synchronal deformation with the soil mass
is important during soil void monitoring. The placement
of the sensing fiber is determined by the distribution
features of karst collapse in the monitoring region.
In our research, the model was simplified so that the
sensing fiber goes through the center of the soil void
overburden stratum. During the development of collapse,
deformation of the soil mass occurs gradually, and also
the fiber buried there is stretched downward with sliding
deformation called compatible deformation.

Compatible deformation of fiber and soil is not only
related to the fiber material and its structure, but also is
influenced by the interaction between soil and fiber. And
this interaction will be explained by mechanical analysis
in the following discuss.

Referring to mechanical relationship between fiber and
soil as Figure 2 shows, the fiber internal force variation
(dT) can be demonstrated as below:

dT = (nD)rdx = (1/,nD?).E.de (3

where:

E-elastic modulus of fiber;

T-shear stress on the fiber surface;

D- diameter of the fiber;

de-gradient of strain variation;

dx-differential length along fiber axial direction

Thus (Li et al.): DE de

™=
4 dx 4)

Shear stress exiting on fiber surface is produced by the

friction between soil and fiber cover. Sliding friction is

smaller than maximum static friction, so sliding friction
is taken in the analysis.

c=-f=-uN=-p.GE=-pvh (g

where:

f- friction between soil and fiber cover;
u- coefficient of friction;

N- vertical pressure imposed on fiber by
overburden soil;

G- weight of incumbent soil;
v- equivalent bulk density of incumbent soil;

h - thickness of incumbent soil.

According to Equations (4) and (5):

— _Awh
de = DE dx (6)
N
l T
THT o S RS T

Figure2. The mechanic relationship between soil
and optical fiber.

As explained in the theory mentioned above, when
relative displacement occurs between fiber and soil under
the condition of invariable fiber material, constant soil
thickness and bulk density, stress is directly proportional
to the coefficient of friction. Force transmission of
sensing fiber buried in the soil mass relies on the friction
between fiber cover and soil. Thus, fiber deformation
happens while soil is deformed.

Simplification of collapse monitoring model
As soil void develops, incumbent soil load and void
scale are critical to the magnitude and distribution
of the stress around the developing void. According
to the key monitoring factors and the deformation
compatibility between fiber and soil, collapse
mechanic model was simplified and collapse
simulation experiment system was designed.

During the formation of soil voids, the friction
imposed on optical fiber at the edge of void and its
influence area are changeable. Thus, optical fiber
fixation should be considered in the model design
(Liu et al., 2010; Yao et al., 2005). Intertwist, one of
the fixation methods, is adopted which can express
the way how friction varies with loads effectively
(Figure 3).
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Figure 3. Simplified sinkhole model.

Experiment system

The displacement of optical fiber relative to soil varies
with the load. This can be simulated by an experiment
system which consists of a clamping wheel, adjustable
supporter, dial indicator and vertical loading system.
And the formation of soil voids with 0.5~2.5m span
under different loads can be simulated as well.

Test and analysis

Two types of experiments, variable load in certain
distance and variable distance under certain load
adopting ordination and GFRP optical fiber, were carried
out, respectively.

AQ8603 Optical Fiber Strain Analyzer(BOTDR)
produced by the ANDO corporation of Japan was
used to measure the strain distribution in the optical
fiber. The main index of the instrument is shown in
Table 1.

Test under stepwise variable load in
certain distance

The experiment simulates the load changes of the soil
cave roof by loading and unloading on the optical fiber
to analyze the changes of the axial strain and the optical
fiber deformation.

Table 1. AQ8603(BOTDR)Technical Index.

Experiment process

Experiments were performed for Glassfiber Reinforced
Plastic (GFRP) optical fiber and ordinary optical fiber
respectively. The positions were recorded by the labels
on it. For GFRP optical fiber, fixed segments were 920-
923mand 924.5-927.5m, and the loading point at 923.5m.
For ordinary optical fiber, fixed segments by winding is
1065-1068m and 1069.5-1072.5m, and the loading point
at 1068.75m. The loading point deformation and strain
in the sensing fiber were measured by dial indicator and
AQ8603. The loading step follows Okg, 0.5kg, 1kg, 2kg,
3kg and Skg. Test data were recorded for every step
loading and unloading.

Test data processing and analysis

According to its principle, the strain measured by the
strain instrument is the integrated strain within 1m
starting from the monitoring point (Wu et al., 2005; Yue
et al., 2007). Taking the value got from connectivity test
as the initial value of optical fiber, strain change is the
difference between the loading test value and the initial
value.

According to the strain change distribution as shown in
Figures 4 and 5, under the same load the strain influence
zoon of the GFRP optical fiber is smaller than that of the
ordinary optical fiber. With increasing loading, the strain
influence zoon (distance) becomes more significant for
GFRP fiber. Due to the small friction coefficient between
GFRP fiber and wound case, the friction length must
be increased to obtain the enough friction . The strain
change of ordinary fiber is larger than that for the GFRP
fiber under the same loading conditions, which indicates
that the ordinary optical fiber is more sensitive to load
comparing with the GFRP fiber. In other words, the
ordinary optical fiber can serve low loading very well. It

Technical Index Optional parameter
Measure distance 1,2,5, 10, 20, 40, 80km
Pulse width 10ns 20ns 50ns 100ns 200ns
Dynamic range +0.004%(2s) 2dB 6dB 10dB 13dB 15dB

+0.003%(2s) - 8dB 11dB 13dB
Length resolution Im 2m Sm IIm 22m
Strain test accuracy +0.004%(2s) +0.003%(2s)

(£0.01%) (0.005%)

Strain test repeatability <0.04% | <0.02%

In the experiment, =0.004%(2s) strain, 10cm sampling distance and Tm length resolution were adopted. Fiber
connectivity was tested before the experiment.
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Figure 4. The loading point strain change (GFRP).

Figure 5. The loading point strain change (Ordinary
optical fiber).

is suitable to be used for the soil bearing low pressure or
having a low cohesion with the fiber.

When the stratum which the optical fiber is buried in lost
cohesiveness, the sensing optical fiber was gradually
unloaded. Following the soil void overburden collapse, the
optical fiber was finally separated from surrounding soil
mass this process can be simulated by unloading experiment
(Figures 6 and 7). Unloading experiment demonstrates that
the sensing optical fiber can respond to the deformation of
sinkhole collapse, and the position of the coverboard loading
and the optical fiber axial strain has good relationship. The
overburden stratum thickness of an incipient sinkhole, the
friction between the soil and optical fiber, and the cohesion
of soil mass must be considered when choosing optical fiber.
Therefore, the correct optical fiber must be selected in order
to avoid the elastic modulus value exceeding the test range.

Test under variable distance in certain load
This experiment simulated the sensing optical fiber
axial strain changes in different spans of the sinkhole by
applying certain load.

Figure 6. The strain change after unloading (GFRP).

Figure 7. The strain change after unloading
(Ordinary optical fiber).

The experiment process

The load are applied 2Kg on the ordinary optical fiber
and 5Kg on the GFRP optical fiber respectively The
experiment simulates the sinkhole span starting from 1
meter to 2.5 meter with 0.5 m interval.

Test data processing and analysis

In order to analyze the change of the sensing optical fiber
strain, there is a mechanical analysis about the certain
load experiment (Figure 8).

2Tsin® =G 7
where:

L - the distance of the fixed point;

Ah-the vertical displacement of the loading
point;

G-load;

T-the sensing optical fiber axial stretching force;

- the included angle between the sensing
optical fiber and the level.
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According to Figure 9, the maximal vertical displacement
of the loading point is 55 mm and the minimum distance
of the fixed point is 1000mm. under the assumption of
small deformation, the hypotenuse is approximately
equal to half of the distance of the fixed point, so, the
sinf value is 0.11 and the 6 value is 6.30. The hypothesis
0 equal to sinf can be established when the sinf is small
enough.

_&
= )

Not considering the material factor, the relationship
between sensing optical fiber axial stretching force and
the included angle is inverse proportion. For ordinary
optical fiber, the strain changes from 4.5 m to 5.4 m,
corresponding to the fixed point distance changing from
Im to 2.5 m (Figure 10).

For the GFRP optical fiber (Figure 11), analysis of the
optical fiber elastic modulus and the friction between the
optical fiber and the soil shows that the distance of the
fixed point corresponds to the strain change. According
to the analysis ,the ordinary optical fiber elastic modulus

s
|

G

Figure 8. Loading section stress analysis
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Figure 9. Vertical displacement in different sinkhole
span.
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Figure 10. Strain change in different sinkhole span
(Ordinary optical fiber).

Figure 11. Strain change in different sinkhole span
(GFRP).

is smaller and the friction is bigger than the GFRP optical
fiber, so, its strain change scope is bigger. The change of
the sinkhole deformation can be identified in the image
by analyzing the optical fiber material characteristics
and the load.

Conclusion

In the process of soil void formation and subsequent
sinkhole collapse, axial strain and deformation of the
optical fiber have good correspondence to the load
variation. It is feasible to adopt the fiber-optical sensing
technology to monitor the location, size and collapsing
process of the void in soil.

Under a certain load, fiber strain corresponds to the size
of soil void, but different fiber materials have specific
effects on the strain value, which must be understand and
choose appropriately.

Thus, the appropriate type of optical fiber or improving
the deformation coordination between the soil and the
fiber by indirect measurement, will strengthen the
response sensitivity.



Although the modeling test was carried out on a simplified
model, it still demonstrates that the strain characteristics
of the optical fiber due to soil void deformation may be a
useful tool for predicting sinkhole collapse.
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Abstract

Induced sinkholes are a known geologic hazard and
may be associated with construction activities that
cause alteration of ground water flow patterns or
induce rapid loads and/or vibrations on karst-affected
soils and rocks. This study describes the geophysical
and geotechnical investigation of a site in northern
Hillsborough County, Florida, where a large diameter
underground high-pressure natural gas pipeline was
installed utilizing horizontal directional drilling
(HDD) methods. Objectives of the investigation were
to evaluate the impacts of: 1) pipeline installation on
existing ground-collapse features, 2) potential induced
ground subsidence and 3) possible effects on water
bodies and building structures. The site was investigated
utilizing geophysical testing (electrical resistivity),
standard penetration test (SPT) borings, and ground
vibration monitoring during pipeline construction. In
the investigation, subsurface conditions indicative of
possible preexisting weakened soil and rock materials
associated with incipient raveled zones in overburden
soils and soil-filled conduits in limestone bedrock were
found in proximity to the pipeline corridor. During the
HDD boring and pipeline installation, noticeable ground
vibrations occurred, along with formation of several
ground settlement/collapse features. The data suggest
two mechanisms of induced sinkhole formation: erosion
of weak zones in overburden soils by the high pressure
drilling mud and/or erosion of weak, soil-filled conduits
in limestone bedrock. In addition to current settlement
impacts to the property, the investigation found a
potential for future ground subsidence associated with
undetected eroded and raveled zones that may in the
future propagate to the land surface.

Introduction
Induced sinkholes are caused or accelerated by human
activities and are associated with two broad conditions:

those triggered by water level declines, typically from
ground water withdrawals (pumping), or those related to
construction activities (Newton, 1987). In west-central
Florida, sinkhole formation and ground subsidence
accompanying heavy ground water pumping are common
occurrences and are typically associated with rapid
declines in the potentiometric surface of the Floridan
aquifer. This causes an increase in effective stress over
pre-existing zones of weakness, such as soil or rock voids
formed by dissolution. Increased pumping can alter the
flow regime in the aquifer, increasing flow rates within
conduits causing loosening of soil plugs in partially-
filled cavities in the limestone bedrock and triggering
downward raveling of overburden soils. Pumping can
induce recharge from the surficial aquifer, destabilizing
incipient raveled soil zones in the subsurface.

Sinkhole formation can also be triggered by construction
activities such as water impoundment in reservoirs and
retention basins, ground loading, ground vibrations
from heavy equipment, changes to natural drainage
patterns by diversion of stormwater, and drilling of
borings and water wells. The mechanisms activating
sinkhole formation would include increased ground
water recharge and flow to weakened soil zones and
bedrock conduits, and abrupt increases in loads and/or
vibrations on pre-existing zones of weakened soils and
rocks associated with incipient sinkhole conditions.

This paper presents a case history of a geophysical and
geotechnical investigation conducted at a site in northern
Hillsborough County, Florida. The purpose of the
investigation was to evaluate impacts from installation
of an underground, 0.9-meter (36-inch) diameter,
high-pressure natural gas pipeline across the property.
Investigation objectives included evaluation of existing
karst subsidence feature(s), potential for induced
ground subsidence, and impacts on building structures
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and water bodies near the property. The study methods
included an electrical resistivity survey of the pipeline
corridor, subsurface testing by standard penetration test
(SPT) borings, and ground vibration monitoring during
pipeline installation.

Location and Geologic Setting

The site is located in extreme north-central Hillsborough
County, Florida (Figure 1). The subject property is
approximately 20 acres in size and is bordered by
Hog Island Lake on the southern and eastern sides
and vegetated wetland areas on the northern side. The
site is generally flat with minimal topographic relief,
with ground elevations ranging from approximately 22
meters (71 ft. NGVD) in northwestern portions of the
property to 20 meters (64 ft. NGVD) along Hog Island
Lake to the south and east, and the fringing wetland
areas on the north side. Two large residential structures
and associated outbuildings are currently located on the
property (Figure 2).

Geology

The subject property lies within the Land O’ Lakes
Karst Plain (Scott, 2005), which encompasses much of
northwestern Hillsborough County, as well as coastal
areas of Pinellas, Pasco, and Hernando Counties.
The geomorphic province is formed by a series of
Pleistocene age marine terraces developed on sandy and

Figure 1. Location Map, Hillsborough County,
Florida.

clayey sediments and carbonate rocks of the Miocene
age Hawthorn Group and the Oligocene Suwannee
Limestone. The project site is located within the
Penholoway terrace (Healy, 1975), which formed during
retreating sea levels at elevations between 13 and 21
meters (42 and 70 ft.). This terrace has been modified by
fluvial and marine erosion, stream and lake deposition,
and eolian deposits and further shaped by karst-related
landforms including sinkhole lakes, cypress domes, and
broad wetland basins. Numerous lakes and swamps are
present within and near the project area. These features
were created by karst processes resulting in broad

Figure 2. Geophysical Testing and Boring Location Plan showing pipeline easement, building structures, and

testing locations.
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wetland basins and lakes formed by multiple coalescing
sinkhole and subsidence features.

Peninsular Florida is underlain by a thick sequence
of Paleogene carbonate rocks that form the Florida
platform, which is capped by a thin series of Miocene
to Holocene age carbonate rocks and siliciclastic
sediments. Important geologic and hydrogeologic units
in north-central Hillsborough County are summarized in
Table 1. Descriptions of each unit are taken from Arthur
et al. (2008), Campbell (1984), and Scott, (1988).

Hydrogeology

Two principal hydrogeologic units are present in the
project area (Table 1), the surficial aquifer system and
the Upper Floridan aquifer system. The surficial aquifer
is hosted primarily by permeable sandy soi