NATIONAL
COOPERATIVE
HIGHWAY
RESEARCH
PROGRAM

NGHRP

SYNTHESIS 357

Use of Geophysics for
Transportation Projects

TRANSPORTATION RESEARCH BOARD

OF THE NATIONAL ACADEMIES




TRANSPORTATION RESEARCH BOARD EXECUTIVE COMMITTEE 2006 (Membership as of March 2006)

OFFICERS

Chair: Michael D. Meyer, Professor, School of Civil and Environmental Engineering, Georgia Institute of Technology
Vice Chair: Linda S. Watson, Executive Director, LYNX—Central Florida Regional Transportation Authority
Executive Director: Robert E. Skinner, Jr., Transportation Research Board

MEMBERS

MICHAEL W. BEHRENS, Executive Director, Texas DOT

ALLEN D. BIEHLER, Secretary, Pennsylvania DOT

JOHN D. BOWE, Regional President, APL Americas, Oakland, CA

LARRY L. BROWN, SR., Executive Director, Mississippi DOT

DEBORAH H. BUTLER, Vice President, Customer Service, Norfolk Southern Corporation and Subsidiaries, Atlanta, GA

ANNE P. CANBY, President, Surface Transportation Policy Project, Washington, DC

DOUGLAS G. DUNCAN, President and CEO, FedEx Freight, Memphis, TN

NICHOLAS J. GARBER, Henry L. Kinnier Professor, Department of Civil Engineering, University of Virginia, Charlottesville

ANGELA GITTENS, Vice President, Airport Business Services, HNTB Corporation, Miami, FL

GENEVIEVE GIULIANO, Professor and Senior Associate Dean of Research and Technology, School of Policy, Planning,
and Development, and Director, METRANS National Center for Metropolitan Transportation Research, USC, Los Angeles

SUSAN HANSON, Landry University Professor of Geography, Graduate School of Geography, Clark University

JAMES R. HERTWIG, President, CSX Intermodal, Jacksonville, FL

ADIB K. KANAFANI, Cahill Professor of Civil Engineering, University of California, Berkeley

HAROLD E. LINNENKOHL, Commissioner, Georgia DOT

SUE MCNEIL, Professor, Department of Civil and Environmental Engineering, University of Delaware

DEBRA L. MILLER, Secretary, Kansas DOT

MICHAEL R. MORRIS, Director of Transportation, North Central Texas Council of Governments

CAROL A. MURRAY, Commissioner, New Hampshire DOT

JOHN R. NJORD, Executive Director, Utah DOT

SANDRA ROSENBLOOM, Professor of Planning, University of Arizona, Tucson

HENRY GERARD SCHWARTZ, JR., Senior Professor, Washington University

MICHAEL S. TOWNES, President and CEO, Hampton Roads Transit, Hampton, VA

C. MICHAEL WALTON, Ernest H. Cockrell Centennial Chair in Engineering, University of Texas at Austin

MARION C. BLAKEY, Federal Aviation Administrator, U.S.DOT (ex officio)

JOSEPH H. BOARDMAN, Federal Railroad Administrator, U.S.DOT (ex officio)

REBECCA M. BREWSTER, President and COO, American Transportation Research Institute, Smyrna, GA (ex officio)

GEORGE BUGLIARELLO, Chancellor, Polytechnic University of New York, and Foreign Secretary, National Academy of Engineering
(ex officio)

SANDRA K. BUSHUE, Deputy Administrator, Federal Transit Administration, U.S.DOT (ex officio)

J. RICHARD CAPKA, Acting Administrator, Federal Highway Administration, U.S.DOT (ex officio)

THOMAS H. COLLINS (Adm., U.S. Coast Guard), Commandant, U.S. Coast Guard (ex officio)

JAMES J. EBERHARDT, Chief Scientist, Office of FreedomCAR and Vehicle Technologies, U.S. Department of Energy (ex officio)

JACQUELINE GLASSMAN, Deputy Administrator, National Highway Traffic Safety Administration, U.S.DOT (ex officio)

EDWARD R. HAMBERGER, President and CEO, Association of American Railroads (ex officio)

JOHN C. HORSLEY, Executive Director, American Association of State Highway and Transportation Officials (ex officio)

JOHN E. JAMIAN, Acting Administrator, Maritime Administration, U.S.DOT (ex officio)

J. EDWARD JOHNSON, Director, Applied Science Directorate, National Aeronautics and Space Administration (ex officio)

ASHOK G. KAVEESHWAR, Research and Innovative Technology Administrator, U.S.DOT (ex officio)

BRIGHAM MCCOWN, Deputy Administrator, Pipeline and Hazardous Materials Safety Administration, U.S.DOT (ex officio)

WILLIAM W. MILLAR, President, American Public Transportation Association (ex officio)

SUZANNE RUDZINSKI, Director, Transportation and Regional Programs, U.S. Environmental Protection Agency (ex officio)

ANNETTE M. SANDBERG, Federal Motor Carrier Safety Administrator, U.S.DOT (ex officio)

JEFFREY N. SHANE, Under Secretary for Policy, U.S.DOT (ex officio)

CARL A. STROCK (Maj. Gen., U.S. Army), Chief of Engineers and Commanding General, U.S. Army Corps of Engineers (ex officio)

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

Transportation Research Board Executive Committee Subcommittee for NCHRP
MICHAEL D. MEYER, Georgia Institute of Technology (Chair) ROBERT E. SKINNER, JR., Transportation Research Board

J. RICHARD CAPKA, Federal Highway Administration C. MICHAEL WALTON, University of Texas at Austin
JOHN C. HORSLEY, American Association of State Highway LINDA S. WATSON, LYNX—Central Florida Regional
and Transportation Officials Transportation Authority

JOHN R. NJORD, Utah DOT



NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

NCHRP syYyNTHESIS 357

Use of Geophysics for
Transportation Projects

A Synthesis of Highway Practice

CONSULTANT
PHIL C. SIRLES
Sirles Consulting, LLC
Lakewood, Colorado

SuBJECT AREAS
Soils, Geology, and Foundations

Research Sponsored by the American Association of State Highway and Transportation Officials
in Cooperation with the Federal Highway Administration

TRANSPORTATION RESEARCH BOARD

WASHINGTON, D.C.
2006
www.TRB.org



NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM
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approach to the solution of many problems facing highway
administrators and engineers. Often, highway problems are of local
interest and can best be studied by highway departments
individually or in cooperation with their state universities and
others. However, the accelerating growth of highway transportation
develops increasingly complex problems of wide interest to
highway authorities. These problems are best studied through a
coordinated program of cooperative research.

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program is
supported on a continuing basis by funds from participating
member states of the Association and it receives the full cooperation
and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Academies
was requested by the Association to administer the research
program because of the Board’s recognized objectivity and
understanding of modern research practices. The Board is uniquely
suited for this purpose as it maintains an extensive committee
structure from which authorities on any highway transportation
subject may be drawn; it possesses avenues of communications and
cooperation with federal, state, and local governmental agencies,
universities, and industry; its relationship to the National Research
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research correlation staff of specialists in highway transportation
matters to bring the findings of research directly to those who are in
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identified by chief administrators of the highway and transportation
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Association of State Highway and Transportation Officials.
Research projects to fulfill these needs are defined by the Board, and
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and the Transportation Research Board.
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PREFACE

Highway administrators, engineers, and researchers often face problems for which infor-
mation already exists, either in documented form or as undocumented experience and prac-
tice. This information may be fragmented, scattered, and unevaluated. As a consequence,
full knowledge of what has been learned about a problem may not be brought to bear on its
solution. Costly research findings may go unused, valuable experience may be overlooked,
and due consideration may not be given to recommended practices for solving or alleviat-
ing the problem.

There is information on nearly every subject of concern to highway administrators and
engineers. Much of it derives from research or from the work of practitioners faced with
problems in their day-to-day work. To provide a systematic means for assembling and eval-
uating such useful information and to make it available to the entire highway community,
the American Association of State Highway and Transportation Officials—through the
mechanism of the National Cooperative Highway Research Program—authorized the
Transportation Research Board to undertake a continuing study. This study, NCHRP Proj-
ect 20-5, “Synthesis of Information Related to Highway Problems,” searches out and syn-
thesizes useful knowledge from all available sources and prepares concise, documented
reports on specific topics. Reports from this endeavor constitute an NCHRP report series,
Synthesis of Highway Practice.

This synthesis series reports on current knowledge and practice, in a compact format,
without the detailed directions usually found in handbooks or design manuals. Each report
in the series provides a compendium of the best knowledge available on those measures
found to be the most successful in resolving specific problems.

This synthesis presents the state of the practice regarding the use of geophysics for trans-
portation projects. The report focuses on U.S. state and Canadian provincial departments
of transportation (DOTs), and U.S. federal transportation agencies. The main points
addressed include who is using geophysics and why, which methods and applications are
the most commonly used, the use of in-house expertise compared with contracting private
consultants, and how geophysical service contracts are procured and implemented. The
scope was limited to how geophysics is being applied by geotechnical engineers during
highway planning and construction activities.

The information included in this synthesis was obtained from a review of the published
literature, a survey of all 50 state DOTs, the District of Columbia, Canadian provinces, and
selected federal government agencies, and follow-up telephone interviews designed to clar-
ify or expand on particular aspects of some survey responses.

Phil C. Sirles, Sirles Consulting, LLC, Lakewood, Colorado, collected and synthesized
the information and wrote the report. The members of the topic panel are acknowledged on
the preceding page. This synthesis is an immediately useful document that records the prac-
tices that were acceptable within the limitations of the knowledge available at the time of
its preparation. As progress in research and practice continues, new knowledge will be
added to that now at hand.
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SUMMARY

USE OF GEOPHYSICS FOR
TRANSPORTATION PROJECTS

This synthesis presents the state of the industry regarding the use of geophysics on trans-
portation projects. This use of geophysics on geotechnical projects is increasing among trans-
portation agencies; however, the level of use varies significantly from agency to agency. In
an attempt ascertain the current practice among U.S. state, federal, and Canadian transporta-
tion agencies, the synthesis was undertaken to:

* Review the state of knowledge;

* Assess the amount and type of geophysical investigations being undertaken—by whom
and how;

* Discover what geophysical investigation methods and techniques are primarily used;

* Determine what engineering applications geophysics are used for the most;

* Assess annual budgets, in-house capabilities, and contracting practices;

* Identify the approach used for selecting geophysical methods and by whom within the
agency;

* Ascertain the most common practices regarding Requests for Proposal solicitation and
contract award;

* Evaluate the level of comfort with this technology among the end-users; and

 Establish if a need exists for educational and training opportunities.

The objective of the synthesis is to address and document these items as they are currently
being implemented by U.S. and Canadian transportation agencies. For the purpose of this
synthesis, geophysics is defined as the application of physical principles to define geology
and study earth (geo-) materials. Engineering geophysics is used to evaluate natural and ar-
tificial foundation materials—soil and rock; however, this synthesis focuses on its applica-
tion toward geotechnical problems.

Information for this synthesis was acquired from a variety of sources including a litera-
ture review, survey questionnaire, follow-up interviews, and requests for data solicited di-
rectly from respondent agencies. A survey of practice was conducted electronically. The
questionnaire was sent to 70 agency representatives, primarily in geotechnical engineering
branches and sections within each of the 50 state departments of transportations (DOTs), the
District of Columbia, most Canadian transportation agencies, and 7 federal agencies involved
with transportation projects. A total of 63 questionnaires were returned, for a response rate
of 90%. Respondents included each of the 50 state DOTs, the District of Columbia, a port
authority, and 8 Canadian and 3 federal agencies. Four more responses were received as ad-
ditional responses from other departments at three states DOTs. Thus, 67 responses were an-
alyzed. Only 9 of the 67 agencies reported that they do not use geophysics; therefore, the data
presented in this synthesis are based on answers from 58 respondents to the questionnaire.

Approximately 50% of the respondents began implementing geophysics as part of their
geotechnical investigations within the last 10 years; thus, for most agencies it is a relatively
new investigation tool. Only a few agencies reported having in-house capabilities. Two
agencies (of 58) indicated that funds are allocated annually for geophysics. The majority of
agencies fund geophysical investigations through their design branches (departments) and



procure the work under contracts to architect and engineering firms as part of their larger
geotechnical investigations or under lump-sum/fixed-price subcontracts. The primary mode
of solicitation among the respondents is “limited solicitation” or “sole-source” contracting.

The typical number of geophysical investigations conducted each year ranges from one to
five for more than half of the respondents. Contract values are predominantly less than
$10,000 per geophysical investigation; however, there are agencies that routinely use geo-
physics that will spend more than $100,000 annually conducting geophysical investigations.
These agencies tend to carry large on-call Indefinite Delivery/Indefinite Quantity-type con-
tracts to easily access qualified service providers for projects. Such contracts ranged from
$300,000 per year to $5 million for 3 years (with two service providers).

Between 50% and 60% of the agencies and individuals completing the survey provided
an experience rating of “good” to “excellent” for their use of geophysics. However, several
factors were identified as limitations to the implementation of geophysics, including difficult
field instrumentation and software for data interpretation, poorly qualified service providers,
and subjective and nonunique results. However, the majority of respondents indicated that
inadequate understanding and knowledge of geophysics was the single greatest limitation.

The results of this synthesis suggest that the majority of in-house geoscientists and engi-
neers have insufficient knowledge regarding the advantages of geophysics. As experiences
(e.g., case histories) are shared and educational opportunities provided for transportation en-
gineers and agencies, these advantages will be better understood, which could lead to more
routine use of this technology on their projects. Because highway engineers acknowledge
this, the survey respondents requested that additional training resources be made available,
including the development of a National Highway Institute course. Although FHWA recently
published and distributed the manual, Application of Geophysical Methods to Highway Re-
lated Problems, nearly 35% of the respondent agencies were not aware of it, more than half
of the agencies did not have it or were not sure if they did, and approximately 45% have not
used it. Since its publication in 2004 as a web-based document designed around problem
solving and applications (not around geophysics), it is apparent that the effort to create the
website and distribute the hard copy has not been fully realized.

The ten most important results derived from this synthesis are:

» Sixty-eight percent of respondents do not use geophysics very often (i.e., “occasion-
ally”), and 45% of the agencies have used geophysics only in the past 10 years.

» Approximately 60% of the agencies mentioned that there is an increase in their level of
effort to implement geophysics, with approximately 25% indicating an increase of be-
tween 50% and 100%.

* The three most commonly used geophysical methods are (1) seismic, (2) ground pene-
trating radar, and (3) vibration monitoring.

» The top three geotechnical engineering applications for geophysics are (1) bedrock
mapping, (2) mapping (characterizing) soil deposits, and (3) roadway subsidence. An
interesting note is that non-destructive testing ranked second on the list; however, it is
not a qualified result because it is not part of this synthesis. This point emphasizes a
general lack of understanding concerning the two technologies.

» The top three “greatest values” for using geophysics are (1) speed of data acquisition,
(2) cost benefits, and (3) better characterization of the subsurface.

» The three greatest deterrents to using geophysics are (1) lack of understanding, (2)
nonuniqueness of results, and (3) lack of confidence.

» Three items that can overcome the deterrents are (1) training, (2) experience (and shar-
ing thereof), and (3) implementation of standards.

* Very few agencies allocate funds in their annual budgets specifically for geophysical
investigations, and the majority of projects cost less than $10,000.



* Limited or sole-source solicitations are the primary means of contracting geophysical
providers; however, seven agencies are using large, on-call, multiyear contracts.

* A successful-to-unsuccessful project ratio of 7:1 was shown to exist for the set of en-
tire responses, and similar ratios have been observed at other agencies.

Based on information gathered for this synthesis and previous discussions with hundreds
of geotechnical engineers, it appears likely that as formal training occurs and successful proj-
ect experiences among transportation agencies increase, using trained in-house professionals
and qualified service providers, geophysics will become more widely accepted and imple-
mented as another tool for the transportation industry. This synthesis determined that design
and construction engineers are beginning to appreciate the benefits of geophysics through use
and exposure over just the past 5 years. The majority of survey respondents believe that using
geophysics has the potential to save governmental agency funds and time, and reduce the risk
associated with unknown subsurface conditions.



CHAPTER ONE

INTRODUCTION

This chapter discusses the general nature of geophysics, its
past and current use, particularly by transportation agencies.
It also presents the objective, scope, and organization of the
synthesis.

BACKGROUND

Geophysical methods have been used for nearly 70 years,
although predominantly in the exploration for natural re-
sources. Oil, gas, and mineral exploration demanded better
technologies to locate and define highly needed natural re-
sources before and during World War II (7). Since the 1950s,
the use of geophysics in the natural resource exploration in-
dustry has increased to the point that it is used as the first
level effort on every project. Drilling and other physical
means of defining the geologic setting, composition, and
depth of interest are used after imaging the subsurface be-
neath the property through successful application of geo-
physics.

The use of geophysics among U.S. state departments of
transportation (DOTs) and Canadian transportation agencies
varies widely depending on the knowledge of the individuals
and the combined experiences of the transportation agency.
Over the past decade there has been an increased effort on the
part of the engineering geophysical community to provide
technologies that aid the design and construction needs of
transportation projects.

In the most generalized sense, geophysics is the applica-
tion of physical principles to define geology and study geo-
materials; for example, soil or rock (2). The following para-
graph from the Introduction to Geophysical Prospecting (3)
presents the best formal definition of geophysics:

We designate the study of the earth using physical measure-
ments at the surface as geophysics. While it is not always
easy to establish a meaningful border line between geology
and geophysics, the difference lies primarily in the type of
data with which one begins. Geology involves the study of
the earth by direct observations on [soils and] rocks, either
from surface exposure or boreholes, and the deduction of its
structure, composition, or history by analysis of such obser-
vations. Geophysics, on the other hand, involves the study of
those parts of the earth hidden from direct view by measur-
ing their physical properties with appropriate instruments,
usually on the surface. It also includes interpretation of the
measurements to obtain useful information on the structure
and composition of the concealed zones.

Geophysics affords the opportunity to cost-effectively sam-
ple large volumes of the subsurface using such principles as
seismic- or electromagnetic (EM)-wave transmission, electri-
cal current flow, and magnetic and gravity potential fields. The
science is technical in its application, and is quantitative in its
measurement, yet it provides only the qualitative information
about geomaterial properties needed by engineers. For exam-
ple, it does not directly measure density, moisture content, or
stiffness, but provides a relationship between a measured value
(e.g., seismic velocity) and the physical parameter that governs
it (e.g., density). It is the complement of using a broad view of
the subsurface imaged from a geophysical investigation and
data directly obtained from drilling that creates the value and
benefit of this technology.

Those responsible for design and construction on sites that
pose significant risk to society require the most advanced
technologies to better characterize the distribution of physical
properties in the subsurface. The purpose of using geophysics,
as defined for this synthesis, is to identify and characterize
physical properties of subsurface geomaterials in a manner
that benefits highway projects and transportation programs.
These benefits can be associated with reduced project costs,
better and broader subsurface characterization, increased
speed of acquisition, and utilizing a noninvasive approach to
evaluate subsurface conditions.

It can be construed that because it was not until 1992 that
an international professional geophysical society was formed
[the Environmental and Engineering Geophysical Society
(EEGS)], the use and application of geophysics for shallow
investigations (<30 m/100 ft) is relatively new. Over the past
10 years the increased need to reduce risk for the design and
construction of engineered structures has dictated better in-
strumentation and data processing software, as well as added
educational opportunities, to effectively make geophysical
technologies available. EEGS and its members have worked
to educate end-users on the correct application of geophysics.

The emergence of non-destructive testing (NDT) technol-
ogy is even more recent. Although the science of NDT has un-
dergone approximately 10 to 12 years of development, it has
become standard practice in the transportation industry for
only the last 6 to 7 years. For the purposes of this synthesis, it
is important to distinguish between the terms “geophysics”
and “NDT.” NDT uses many (if not all) of the physical prin-
ciples used in geophysics; however, it is the application of the



technology that separates the two. NDT is used to image and
evaluate engineered structures; that is, man-made features
such as bridges, walls, and drilled shafts.

OBJECTIVE

In early 2005 (before the completion of this synthesis), Tandon
and Nazarian reported that the use of geophysics on trans-
portation projects varied significantly among DOTs (4). The
objective of this synthesis is to determine the state of the prac-
tice and level of knowledge regarding the use of geophysics
among transportation agencies. This synthesis focuses on U.S.
state DOTs and U.S. federal and Canadian provincial trans-
portation agencies. The main points addressed are who is and
who is not using geophysics, and why; which geophysical
methods and applications are most commonly used; trends re-
lated to in-house expertise versus contracting private consul-
tants; how geophysical service contracts are procured and
implemented; experiences gained and lessons learned through
case histories; and identification of future needs.

SCOPE

Although this synthesis discusses a broad range of topics re-
lated to the actual day-to-day implementation of geophysical
technologies, the main goal is to summarize the overall use
of these technologies in the United States and Canada. The
scope of this project was limited to how geophysics is being
applied by geotechnical engineers during highway planning
and construction activities. The emphasis is on the use of
geophysics for geotechnical issues as they relate to natural
and artificial foundations.

The majority of information included in this synthesis was
obtained from published literature, the electronic survey and
questionnaire (see Appendix B), and interviews. A compre-
hensive survey was developed and sent electronically to rep-
resentatives in all 50 states and the District of Columbia, the
Canadian provinces, and other federal government entities
with experience in geophysical applications. Follow-up tele-
phone interviews, to clarify or expand on particular aspects
of some survey responses, were also conducted.

The e-mail survey method proved very effective. A total
of 70 questionnaires were sent and 63 agencies replied, for a
90% response rate. Figure 1 shows that a total of 67 ques-
tionnaires were returned from 58 agencies: 56 from U.S. state
DOTs (including the District of Columbia and the Port Au-
thority of New York and New Jersey), 8 from Canadian
agencies, and 3 from U.S. federal agencies. Three states re-
turned multiple responses [Colorado (2), Michigan (2), and
Oregon (3)]; therefore, a total of 56 state DOT agency re-
sponses were received. Their answers were tallied appropri-
ately into the database, but the individual state DOT was con-
sidered as a single agency response. The questionnaire was
sent to three other organizations: Kansas Geologic Society (a

60
N=67 50 [0 DOTs Yes
50 O DOTs No L
@ Canadians Yes

0 40 O Canadians No B
§ O Federal Agencies Yes
5 30 [0 Federal Agencies No [
o
g

N
o

Y
o

[<2]

o)

0

FIGURE 1 Breakdown of agency response to use of
geophysics.

state agency), University of Missouri at Rolla (an educational
institution), and Technos, Inc. (a private consulting firm), re-
spectively. They were selected based on their qualifications
and experiences with the transportation industry and queried
to determine the validity of the survey. These three organi-
zations replied promptly and agreed that they should not be
included as respondents because their use of geophysics is
not discretionary. Based on their responses and follow-up in-
terviews, no additional questionnaires were sent to educa-
tional institutions or private consultants.

This specialized synthesis on the use of geophysics ne-
cessitated that agencies that do not use geophysics respond
appropriately to Questions 14, 15, and 21L, so that they
would not be included in the analysis. Figure 1 charts the re-
sponses to these questions and the distribution of U.S. state
and federal and Canadian agencies that either use (responded
“yes”) or do not use (responded “no”) geophysics. Only 9
agencies indicated that they do not use geophysics at all;
therefore, 58 total responses (including the 4 extra from 3
state DOTSs) is the base number in the analysis of the use of
geophysics in transportation.

ORGANIZATION

Chapter two provides results from the literature search. It dis-
cusses the difference between educational materials and in-
formational materials regarding application of geophysics to
highway-related projects. The chapter will identify standards
(e.g., ASTM) related to geophysical investigations. The ap-
proach to selection of geophysical methods and techniques is
discussed and a matrix summarizing geophysical techniques
versus geotechnical applications is presented.

Chapter three covers the method of data collection and
analysis for the NCHRP survey. It discusses, in general, the
demographics of the survey and the type of information re-
quested, and then presents specific examples regarding the use
of geophysics among the respondent transportation agencies.



At the end of the chapter, NDT will be discussed as it relates
to this synthesis and briefly how it is used by the respondents.

Chapter four presents the geophysical methods, tech-
niques, and applications. It presents the very broad and
diverse use of geophysical methods as currently used on
transportation projects. Because chapter three is directed to-
ward the process of gathering the survey information, this
chapter focuses directly on geophysical methods and geo-
technical engineering applications.

Chapter five focuses predominantly on identifying the ap-
proach used by DOTs to procure geophysical service
providers and discusses agency programs regarding budgets
and contracting. The discussion is focused on allocation of
funds, funding sources, and contracting methods and needs.

Chapter six discusses both successful applications and
those that were deemed to be unsuccessful. A table shows the
case histories that were provided for this synthesis that
includes a brief description of the method used, application,
status, and if the project was successful or unsuccessful. An
important component of this chapter will be an evaluation of
the benefits observed from both successful and unsuccessful
projects. A brief discussion regarding the current level of
comfort and what will increase the level of comfort among
engineers and agencies to implement geophysics will be
presented.

Chapter seven summarizes synthesis results. This chapter
includes recommendations for future research regarding geo-
physical investigations, as defined by the respondents, and
concluding remarks.



CHAPTER TWO

GEOPHYSICAL METHODS

INTRODUCTION

This chapter begins by defining geophysical methods and
techniques, includes results from a literature search, and dis-
cusses the geophysical methods and techniques most com-
monly used for transportation projects.

As related by Telford et al. (Z), applied geophysics can be
divided into the following seven general methods of explo-
ration:

Magnetic,
Electrical,
Electromagnetic,
Seismic,
Gravitational,
Radioactivity, and
Well logging.

Each geophysical method can be used for many different
applications (e.g., mining exploration, oil and gas explo-
ration, engineering, and environmental). The division of each
method is based on the physics that governs it; therefore,
geophysical techniques (e.g., refraction) within each method
(i.e., seismic) are designed primarily for applications of the
method to a given problem (e.g., rippability). This synthesis
will use the terminology of methods to refer to those seven
major divisions and techniques to identify specific applica-
tions of the methods.

Material properties can be measured indirectly through the
use of engineering geophysical methods such as seismic, elec-
trical resistivity, EM and ground penetrating radar (GPR), to
name only a few. The capability of conducting geophysical in-
vestigations in difficult or remote terrain and with greater sam-
ple density, demonstrates the potential geophysics has to sig-
nificantly affect design efforts and construction activities. The
most important factor geophysics can help address is to reduce
the risk associated with unknown subsurface conditions and to
avoid related costly claims and repairs. Before publication of
this synthesis, it was well known that the success of any geo-
physical investigation requires that appropriate techniques be
applied that address specific engineering objectives. For ex-
ample, if karstic (e.g., pinnacles or sinks) limestone bedrock is
expected to be encountered at shallow depths, applying a mag-
netic method would not be appropriate.

LITERATURE SEARCH AND TRAINING
RESOURCES

A multitude of literature sources exist on geophysics. Ex-
isting works either deal purely with the theory and
specifics of the physics regarding the variety of methods or
they are segregated into the application of geophysics to
specific fields. The standard of the geophysical industry
for textbooks that contain all the geophysical methods are
Telford et al. (/) and Dobrin (3), both published in 1976.
Both books are still used in universities for geophysics
coursework.

It was not until the mid-1980s that enough demand for en-
gineering geophysics resulted in the publication of the Hand-
book of Engineering Geophysics—Vol. 1: Seismic (5), and
Vol. 2: Electrical Resistivity (6). In the 1990s, a distinct need
for specific, application-related books became apparent to
present the state of the art for all the geophysical methods and
techniques. Consequently, two “best-sellers” related to the
use of engineering geophysics became available. The Society
of Exploration Geophysicists produced one of the first books
dedicated to shallow geophysics, Geotechnical and Environ-
mental Geophysics—Vols. I-III (7). In 1995, the U.S. Army
Corps of Engineers produced a comprehensive document,
their engineering manual, Engineering Design—Geophysical
Exploration for Engineering and Environmental Investiga-
tions (8). In these last two references, the practical application
of geophysics was brought to the forefront through requests
to authoritative contributors in specialized fields to develop
chapters based on their expertise (Dr. Gregg Hempen, per-
sonal communication, 1995). Both books have remained key
components of the early application of geophysics to shallow,
engineering, and environmental studies. The Corps’ engineer-
ing manual is available for unlimited public distribution at
http://www.usace.army.mil/inet/usace-docs/eng-manuals/
em1110-1-1802/ toc.htm.

With the publication of these two resources, available lit-
erature became much more specific as it dealt with particu-
lar geophysical methods or engineering applications. One
such book, published by The Geological Society of London,
Modern Geophysics in Engineering Geology (9), makes ap-
plication of the geophysical techniques central to the theme
of the book. More recently, FHWA published Application of
Geophysical Methods to Highway Related Problems (10),



which is designed specifically for use by state DOT and
federal highway engineering staff when particular applica-
tions necessitate the use of geophysics. The manual was
not developed or designed to be a textbook, and although it
was published as one, its primary function is the website,
http://www.cflhd.gov/geotechnical, which uses a solution
matrix that guides users to particular engineering problems
(e.g., rippability) and what geophysical method may best suit
the objectives of the investigation. However, an MS Word
text version as well as a PDF version of the FHWA manual
is also available for download.

The most recent textbook to be published on the subject
comes from the Society of Exploration Geophysicists of
Japan. This comprehensive book, Application of Geo-
physical Methods to Engineering and Environmental Prob-
lems, covers the most recent innovations for geophysical
technology for 17 methods, and is available online from the
website (11).

Numerous opportunities exist for instruction through at-
tendance at geophysics conferences. Since 1988 the Sympo-
sium on the Application of Geophysics to Engineering and
Environmental Problems (SAGEEP), the EEGS annual con-
ference, consistently produces case-specific presentations on
the use of geophysics. EEGS is dedicated to providing edu-
cational opportunities for nongeophysicists about the value
and use of the technologies available. The EEGS website,
http://www.eegs.org/, can be searched for case histories pre-
sented at SAGEEP by either geophysical technique or engi-
neering application (e.g., geotechnical engineering). More
than 600 case histories are available at http://www.eegs.org/
sageep/proceedings.cfm, and that only covers SAGEEP con-
ferences between 1988 and 2000. Searchable CD-ROMs of
the annual proceedings are made available for purchase, with
approximately 30 to 40 case histories presented related to
engineering geophysics. Additionally, cutting-edge tech-
nologies are discussed and innovations in equipment and
software made available by exhibitors and vendors.

In 2000, an introductory EEGS short course designed for
geologists, engineers, and environmental scientists became
available (2). The success of this particular introductory
course created a high demand for the course notes and the
CD-ROM, which were reproduced and distributed interna-
tionally. Simultaneously, FHWA became increasingly
aware of the need for dialog and training; thus, it created a
conference that deals specifically with the needs of the state
DOTs; that is, a geophysical applications conference dedi-
cated solely to transportation. Since 2000, three Interna-
tional Geophysical Conferences have been hosted by
FHWA, with proceedings published on CD-ROM (7/2-14).
The content of the training sessions as well as the experience
presented through case histories has provided significant
help to transportation engineers. The proceedings from 2000
are no longer available through a website; however, the
2002 and 2003 proceedings are still available (/3,14). The

Topical Bibliography contains the papers, listed by topic,
presented at each of the three FHWA conferences because
they all contain useful information.

Literally hundreds of articles have been published per-
taining directly to the topic of this synthesis in professional
(peer-review) journals available from the major geotechni-
cal, engineering, geology, and geophysical societies. The pa-
pers typically deal with one or two geophysical techniques
and are dedicated toward solving a problem. Such articles
can be accessed at TRB’s Transportation Research Informa-
tion Service (TRIS) on-line library (http://trisonline.bts.gov/
search.cfm). It is the most comprehensive source for journal
articles. The Topical Bibliography lists many of the articles
germane to this synthesis from SAGEEP and the FHWA
geophysics conferences, as well as journal articles obtained
from the TRIS website. Engineering geophysics is a bur-
geoning field, and these articles represent the latest innova-
tions and the most practical solutions to the problems facing
today’s engineers in the transportation industry. Therefore,
the bibliography contains articles that are generally less than
5 years old at the time of this publication.

Only one NCHRP synthesis has been prepared that is con-
cerned specifically with geophysics. Although it deals solely
with the use of GPR for transportation projects (15), it is a
well-prepared document explaining the technique, instru-
mentation, data, and applications for such projects.

METHODS, TECHNIQUES, APPLICATIONS,
AND STANDARDS

As discussed in this chapter’s introduction, there is a diverse
set of geophysical methods capable of subsurface imaging at
a scale appropriate for exploration and for engineering in-
vestigations. This section is intended to

* Present brief, introductory-level information regarding
the most commonly used methods for transportation-
related (engineering) studies;

* Identify the techniques associated with each geophysi-
cal method;

 Define general applications for the techniques as used
for geotechnical investigations; and

* Present existing standard test methods and guides used
for geophysical investigations.

Methods

Numerous publications were prepared for the three afore-
mentioned FHWA International Conferences. As part of the
keynote address at the first two of these conferences, matri-
ces of method versus applications were published and pre-
sented (/6,17). Another comprehensive matrix of methods,
techniques, and applications is presented in The Code of
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Practice for Site Investigation (18). Because this synthesis is
not intended to be a training document, a simplified, com-
bined version of a matrix for geotechnical practice is pre-
sented here. For more thorough tables and matrices depicting
specific engineering applications and comprehensive meth-
ods/techniques see the referenced papers. Tandon and Nazar-
ian (4) summarized the referenced FHW A conference papers
and presented all of their matrices.

Techniques

Appendix A includes Technical Briefs for the following most
common methods:

TABLE 1

* Seismic Method: Refraction, reflection, Spectral Analy-
sis of Surface Waves, Multi-Channel Analysis of Surface
Waves, and crosshole techniques.

* Electrical Resistivity Method: Profiling and sounding
techniques.

e EM: Time- and frequency-domain techniques.

¢ GPR method.

* Magnetic method.

The briefs are presented as specific techniques (e.g., fre-
quency- and time-domain EM). They are reproduced from
a draft FHWA geophysics workshop that is currently in de-
velopment, and intended to be an educational workshop en-

MATRIX OF SURFACE GEOPHYSICAL METHODS AND TECHNIQUES IN RELATION TO TYPICAL

INVESTIGATION OBJECTIVES

Methods
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Techniques
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Investigation Objectives
Bedrock depth P P P P S S S S
Rippability P P P
Lateral and vertical variation in P P P P
rock or soil strength
Location of faults and fracture S P P P S S S S S S S S
zones
Karst features S P P S P P
Near-surface anomalous S P P S P
conditions
Soil characterization and S S S P S P P
lithology
Locating landfill boundaries, S P P P P P P
waste pits, waste trenches,
buried drums
Water table S S P P P

Water quality, fresh-saline

water interfaces

Notes: This matrix is intended to aid in the selection of an appropriate geophysical method and respective technique for
typical geotechnical investigation objectives. The table does not account for geologic conditions, site cultural features,
target size, and depth. Refer to Appendix A for additional information regarding methods and techniques. SASW =
Spectral Analysis of Surface Waves; MASW = Multi-Channel Analysis of Surface Waves; P = primary technique; S =

secondary technique; blank space = technique should not be used.



titled Workshop on Geophysical Methods for Transportation
Applications.

Applications

Geophysical techniques present incredible diversity in
how they may be applied. A particular number of applica-
tions tend to be used much more than others. Academic
institutions and research organizations are constantly striv-
ing for better use of existing technology (i.e., techniques)
to solve engineering applications. Table 1 identifies a ba-
sic or general approach that can be taken to select a pri-
mary (P) or a secondary (S) geophysical technique that
could be applied on common transportation project objec-
tives. It is not intended to be inclusive of geophysical
methods or techniques, nor geotechnical-related investiga-
tion objectives. However, it covers the majority of needs
for geotechnical engineers and for the state-of-the-practice
geophysical methods. Often, multiple geophysical meth-
ods (e.g., seismic and electrical) are selected to satisfy
project objectives. In many cases it is because the physical
contrasts may be better imaged with one method versus the
other; however, under specific site conditions, the two
methods may complement one another to meet the objec-
tive. Table A1 (Appendix A) is another tool, developed for
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the previously mentioned FHW A workshop, that can aid in
the selection of appropriate geophysical techniques. It is
beneficial to go through the form, step-by-step, and arrive
at a method that best suits the geologic and cultural setting,
the surface conditions, and most importantly the type and
size of the target. This tool for selection of geophysical
methods and/or techniques is not comprehensive; how-
ever, it will be useful to engineers and geoscientists to start
a project with the same level of understanding regarding
the site and objectives.

Standards

Mayne et al. (/9) provides a good overview of geophysical pro-
cedures for acquiring quality data. This report is a National
Highway Institute publication that discusses the approach for
field work and data processing, yet leaves flexibility for the
varying site conditions that inevitably occur with field studies.
Since 1995, ASTM has produced 15 documents regarding the
acquisition and processing of geophysical data for both surface
and borehole methods (20). Table 2 presents the ASTM Guides
and Standards that have been published for the particular geo-
physical techniques. Note that only two are Standard Test
Methods (Crosshole—D4428 and Resistivity—G57), whereas
the other 13 are identified as Standard Guides. The rationale for

TABLE 2
GUIDES AND STANDARDS FOR GEOPHYSICAL INVESTIGATIONS
Geophysical Methods and Techniques ASTM Guide*

Standard Guide for Selecting Surface Geophysical Methods (included in this D6429
guideline are the following techniques)

o Seismic refraction

¢ Seismic reflection

e D.C. resistivity

¢ Induced polarization (IP) or complex resistivity

¢ Spontaneous potential (SP)

¢ Frequency—domain electromagnetics (FDEM)

¢ Time—domain electromagnetics (TDEM)

e Very low frequency (VLF) electromagnetics

o Metal detectors and pipe/cable locators

¢ Ground penetrating radar (GPR)

e Magnetics

e Gravity
Standard Guide for Conducting Borehole Geophysical Logging D5753
Seismic Refraction D5777
D.C. Resistivity D6431
Frequency—Domain Electromagnetics (FDEM) D6639
Time-Domain Electromagnetics (TDEM) D6820
Metal Detectors D7046
Ground Penetrating Radar (GPR) D6432
Gravity D6430
Seismic Reflection In press
Mechanical Caliper—Borehole Logging D6167
Gamma-Borehole Logging D6274
Electromagnetic Induction D6726
Neutron—Borehole Logging D6727
Geophysical Methods and Techniques ASTM Standard*
Crosshole Seismic Testing D4428
Soil Resistivity Testing G57

*Refer to Topical Bibliography for references.
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guides versus standard testing procedures is simple; geophysi-
cal investigations require adaptation to the site conditions and
the target to be identified. ASTM Standard Tests are rigid,
whereas Standard Guides allow the operator some flexibility to
acquire data that will meet the objectives of the investigation.
Most people are not aware that ASTM Guides and Standards
are available for geophysical testing. ASTM D6429 serves the
industry as a guide for selection of appropriate geophysical
methods based on objectives and setting. Several more are in

development and review through the ASTM committee
process. ASTM Guides and Standards referenced in Table 2 are
listed in the Topical Bibliography. AASHTO published a com-
prehensive manual in 1988 outlining the complex and diverse
techniques for conducting subsurface investigations for trans-
portation programs (217), and it includes the most common geo-
physical investigation techniques used in the late 1980s. Cur-
rently, there are no published AASHTO standards for acquiring
or processing geophysical data.



CHAPTER THREE
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INFORMATION SOURCES AND GENERAL RESPONSES

This chapter details the approach used for this synthesis in
gathering specific information regarding the use of geophysics
among state DOTs and selected federal and Canadian trans-
portation agencies. General data regarding the demographics
of who is involved with geophysical investigations, the way
geophysics is implemented within these agencies, knowledge
of available resources, and the amount of work performed an-
nually will be discussed.

Data collection for this synthesis was undertaken in the
following sequential process:

1. A 63-question electronic survey was developed using
primarily a multiple-choice selection and was produced
as an electronic questionnaire for e-mail distribution.

2. Fifty-one U.S. state DOTs (including the District of
Columbia), 8 federal agencies, and 11 Canadian
provinces (a total of 70 agencies) were requested to
complete the questionnaire.

3. As responses were received, particular DOT or Cana-
dian respondents were contacted for additional ques-
tions or a brief interview. Interviews were focused on
either clarifying any discrepancies found in the ques-
tionnaire or to discuss the opportunity to obtain addi-
tional information (e.g., case histories).

4. Agencies that did not reply within several months were
recontacted individually. During this process it was
determined that the initial state representatives were
no longer at their jobs (i.e., promotions, retirement, left
the agency, etc.), e-mail addresses were incorrect as a
result of changed names or extensions, or the ques-
tionnaire was sent to a person who was too busy or not
interested in responding. In every case, another person
was selected to complete the survey.

5. Data were entered into Microsoft Excel for informa-
tion management and development of graphical illus-
tration of the results.

6. Quality controls of the questions, responses, and charts
and tables were established.

7. All the results from steps 5 and 6 are presented in
Appendix C, but selected charts are presented in the
text. Additionally, a few questions requested written
comments, and these comments are included in tables
in Appendix C.

Appendix B includes the entire electronic questionnaire
as distributed. Appendix C provides graphical and tabular

summaries of all the survey responses. A total of 63 agency
responses, 90% of the questionnaires sent to agency repre-
sentatives, were returned.

The completed questionnaire received from the Port
Authority of New York & New Jersey was not solicited, and
Colorado, Michigan, Oregon, and Alberta each replied with
at least two completed surveys. Almost 40% of the responses
received were obtained by means of a personal communica-
tion requesting that someone within the agency other than the
initial recipient of the questionnaire complete the survey.
Replies were received from all 50 state DOTs, plus the Port
Authority of New York & New Jersey and the District of
Columbia (52 U.S. agencies). Seven of 11 Canadian provin-
cial agencies plus the municipality of Edmonton also replied.
In addition, three U.S. federal agency responses are repre-
sented in this synthesis. No effort was made to solicit re-
sponses from municipal, county, or other nonstate agencies
(i.e., Edmonton’s response was not solicited).

It was necessary to first identify who among the 63 re-
spondent agencies is not currently using geophysics. Figure 1
(chapter one) identifies the total number of responses and de-
notes the agency distribution of nonusers. Approximately
12% of state DOTs, 25% of Canadian transportation agencies,
and 33% of federal agencies indicated that they do not use
geophysics in their programs. To maintain a relatively uni-
form analysis process, the agencies that do not use geophysics
were not included in the remaining analysis. Figure 2 shows
the distribution of agency response by the percentage of the
remaining 58 respondents that do implement geophysics on
their transportation projects. Ninety-five percent of the re-
spondents discussed throughout this synthesis are either U.S.
state or Canadian provincial DOTs.

During creation of the database it quickly became apparent
very that (1) not all respondents answered all of the questions;
(2) some respondents completed questions with multiple an-
swers, when only one answer was requested; and (3) in a few
cases both “Yes” and “No” answers were applied to the same
question. Discretion was used and the interviews helped, but
not in all cases. Therefore, for each chart presented there is an
N value in the corner of the graph or in the caption that indi-
cates the actual number of reliable answers used to assess the
overall response to that particular question. For most of the
questions the results are based on 58 respondents (i.e., com-
pleted questionnaires from agencies that use geophysics), but
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FIGURE 2 Type of transportation agency or organization that
implements geophysics on transportation projects.

the N value is necessary to understand the result. This is
particularly true for questions that recommended multiple re-
sponses (e.g., Questions 17, 22, and 24).

Figure 3 shows that 68% of respondents apply geophysi-
cal technologies on an “occasional” basis for their projects.
This indicates that the number of transportation agencies us-
ing geophysics is high, but its frequency of use is quite low.
Results from Part 1 of the survey are presented in graphical
format in Appendix C, Part 1—General.

Part 1 of the questionnaire is summarized here:

» Forty-five percent of the agencies have used geophysics
only in the past 10 years, 26% in the past 5 years, and
just under 10% in just the past year (Question 1).

* Those primarily using geophysics are the geotechnical
engineers and geologists (64%) (Question 2).

* Only 4% (three agencies) provide any training related
to geophysics (Question 4).

» Fourteen agencies conduct between 75% and 100% of
the geophysics with in-house capabilities, 24 agencies do
75% to 100% of their investigations using Request for
Proposal (RFP) contract procedures, and 7 agencies con-
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FIGURE 3 Involvement with geophysical investigations.

duct 75% to 100% of their geophysical investigations us-
ing Indefinite Quantity (IQ) contracts (Question 3).

Regarding the recently published (2003) FHWA Geo-
physics Manual (10) designed specifically to aid state, federal,
and other highway engineers use and learn more about how to
apply geophysics on their projects:

¢ 69% are aware of the manual,

¢ 46% own the manual,

* 14% have used the hardcopy version,
¢ 16% have the CD-ROM version,

* 5% use the CD-ROM,

¢ 50% know of the website, and

* 249% use the website for project work.

This demonstrates the need to better spread the word and
educate transportation agencies about the manual and the
value of this publication (in all of its formats). As more en-
gineers are exposed to the website, more will understand its
purpose and put it to use. Because 53% of the agencies con-
duct between one and five geophysical investigations per
year (Figure 4), there is reason to believe that the FHWA
manual may help increase this number.

As Figure 5 shows, nearly 60% of respondents indicated that
the use of geophysics has been increasing in their agencies over
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FIGURE 4 Typical number of geophysical investigations
conducted by agencies each year.
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the past 5 years, and 13 agencies (of those answering “Yes”)
showed an increase in use of greater than 50%. The FHWA
manual and other educational efforts could continue this trend,
because 66% of the respondents and 54% of the agency’s ex-
periences are favorable toward the use of geophysics (i.e.,
“good” to “excellent” responses for Questions 14 and 15).

Questions 16 and 17 are two of the most important ques-
tions for this survey. If the agencies that do not use geo-
physics can understand the “greatest value” of implement-
ing geophysical techniques currently used by their fellow
DOTs, as shown in Figure 6 (Question 16), more are likely
to implement the technology. The data in Figure 6 support
the technical panel’s supposition that it is cost, acquisition
speed, and better subsurface coverage that are the primary
benefits to a field program when geophysics is included.
Figure 7 shows that some (14) believe it is the expense as-
pect of a program that may restrict its use, but the results in-
dicated that a large portion admit that the low usage is the
result of a lack of understanding and/or confidence in the
technology.

This synthesis is focused on the use of geophysics for geo-
technical projects. However, because NDT technologies
overlap with the methods and technologies discussed herein,
it was crucial to distinguish the two and determine that the
respondents knew the difference, as defined by the question-
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FIGURE 8 Types and percentages of applications used for
NDT in the past 5 years.

naire and discussed in chapter one. With 91% reporting that
they understood the difference (see Question 18), the re-
mainder of the synthesis can reliably discuss issues regard-
ing the application of geophysical technologies. It will be
shown, however, in later chapters that there is overlap and
that there is still confusion whether a field investigation is
geophysics or NDT. The distinction and understanding of the
difference will only come with training, time, and experi-
ence. NDT is being used quite frequently by respondents of
this survey, as indicated by Figure 8. The broad range of ap-
plications used during the past 5 years indicates its value to
the engineering community.
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CHAPTER FOUR

AGENCY PRACTICE—METHODS AND APPLICATIONS

This chapter focuses on the compiled results of Part 2 (Meth-
ods and Applications) of the questionnaire. Part 2 contains
data gathered through the responses and interviews, and cov-
ers the main issues related to what geophysics is being used,
how it is being applied, and who approves its use.

GEOPHYSICAL METHODS AND TECHNIQUES

Results from Questions 21 through 27 are presented graphi-
cally in Appendix C, Part 2—Methods and Applications.
Figure 9 displays the geophysical methods most commonly
used by the respondent agencies based on results from Ques-
tion 22. It is apparent from this chart that the use of NDT is
incorporated with geophysical methods, likely as a result of
the overlap between the technologies (e.g., crosshole seismic
for shear wave velocity versus crosshole sonic logging for
drilled shaft integrity). The questionnaire allowed for signif-
icant flexibility in completing Question 22; therefore, re-
sponses varied considerably. The responses to . . . the three
most commonly used methods . . .” are categorized by the
10 surface geophysical methods defined in Question 21
(a through j). This simplified the answers and allowed for a
graphical representation of the data shown in (Figure 9).

Seismic and GPR methods make up greater than 50% of
the overall usage of geophysics among transportation agen-
cies. Significant results are that (1) vibration monitoring
represents a high percentage of use (22%), (2) electrical re-
sistivity ranks fourth at approximately 10%, and (3) there is
an obvious lack of EM methods used. A number of “other”
methods were designated by respondents that do not fit the
primary methods and they are listed along with all the re-
sponses in Table C1 in Appendix C.

Results from Questions 21a through 211 also indicated that
seismic, GPR, and vibration monitoring are the most com-
monly used methods. Electrical, borehole logging, and a myr-
iad of other methods are actively used. Magnetic methods have
been used by 12 agencies and microgravity by 5. Refraction
and borehole seismic techniques (crosshole and downhole) are
the most common seismic techniques. Two-dimensional pro-
filing is well ahead of any other electrical technique commonly
used. Time-domain and frequency-domain electromagnetic
techniques are applied about equally, although very infre-
quently. Marine and airborne geophysical investigations appear
to be very rarely conducted. Vibration monitoring is equally
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FIGURE 9 Most commonly used
geophysical methods (51 agencies
completed Question 22).

split by technique for construction monitoring (e.g., pile driving
and dynamic compaction) and blast monitoring (e.g., rock mass
excavation and quarry operations).

APPLICATIONS FOR GEOPHYSICAL
INVESTIGATIONS

Results from Questions 23 and 24 deal specifically with the
application of geophysics on projects. Figure 10 displays the
most common applications for which geophysics is used by
the respondent agencies. A footnote to this figure is required
because almost 25% of the applications described in the re-
sponses to this set of questions fall into the NDT category. It
was established that NDT was not a focus of this synthesis;
however, this figure shows that the difference between the
application of NDT or geophysics continues to be confusing.
Similar to the results from Question 22 (Figure 9), Question
24 was worded in a way that allowed substantial freedom for
the responses. As with Question 22, these responses were
categorized based on the applications defined in Question 23.
This allowed the variety of responses to Question 24 to be
limited to the graphical presentation shown in Figure 10.

The responses were categorized on a general basis deter-
mined by the variety and different descriptions of applications.
For example, “mapping depth to rock,” “mapping topography
of rock,” or “mapping bedrock strength” were all placed in the
bedrock mapping category. The categorization permitted a
better illustration of the responses to this question. All the re-
sponses are listed in Table C2. Actual values for each particu-
lar application are shown in separate charts in Appendix C
(Questions 23a through 23h). Questions 23 and 24 all indicate
that one-third of the geotechnical applications involved the use
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of geophysics to map bedrock characteristics such as depth,
topography, or rippability. Numerous other applications,
including a large representation of NDT applications, were
provided by the respondents. As might be expected, roadway
subsidence issues and soil mapping are dominant applications
as well.

SELECTION CRITERIA AND APPROVAL
FOR GEOPHYSICAL INVESTIGATIONS

Often the application of geophysics is warranted for a project;
however, the particular method or technique may or may not
be immediately obvious or a combination of methods might
need to be determined to best meet the objective(s). Trans-
portation agencies were queried about who helps select the ap-
propriate method when geophysics is being proposed on a
project. Figure 11 identifies the distribution for this responsi-
bility selected. The data show that prior experience by the
agency or the individual plays the key role in a selection
process; however, it is quite evenly distributed between in-
house geophysicists, engineers, and contractors. All the pro-
fessional experience and other factors should assist in the
method selection process. There appears to be a reasonable
amount of “‘selection-by-committee” (i.e., no formal approach)
as well.

The authorization process, and who is responsible for the
authorization, is equally important for geophysical investiga-
tions. Figure 12 identifies who is typically responsible for ap-
proving the “appropriate” use of geophysics on a particular
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FIGURE 12 Individual who approves the appropriate
geophysical method.

project. As expected, either the project or program manager
or the highway engineer typically approves the selection.
Based on these results, it is likely that an in-house or a con-
tract geophysicist who selects the method(s) does not have the
authority to approve its use.

Table C3 lists other comments regarding experiences with
the methods used, the applications, and the selection of ap-
propriate geophysics for projects that are not covered in this
section.
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CHAPTER FIVE

AGENCY PRACTICE—BUDGETING, COSTS, AND CONTRACTING

This chapter discusses results and data gathered in Parts 3
(Budgets and Costs) and 4 (Contracting) of the questionnaire.
It focuses predominantly on identifying if money is allocated
for geophysics, who allocates it, how much money is allo-
cated versus money spent, and different approaches agencies
may have for contracting geophysical services. Graphical and
tabular responses used for this chapter are included in Parts 3
and 4 of Appendix C.

BUDGETING AND COSTS

Fiscal budgets are critical to operations of state and federal
agencies, particularly DOTs where unexpected events sig-
nificantly affect annual budgets. A series of questions re-
garding allocation of funds and appropriation of funding
were expected to reveal the approach taken by transportation
agencies toward spending money on geophysical investiga-
tions. However, Figure 13a shows that geophysics is a low
priority for funding. In general, geophysics simply does not
get annual appropriation of funds at the agency level, pri-
marily because the investigations are typically paid for
through geotechnical investigation funds (TRB Technical
Panel, personal communication, June 2005). Only 23% of
the respondent agencies allocate any funds, and 67% of
transportation agencies do not appropriate any funds for geo-
physics. Four respondents (California, New Mexico, Texas,
and Washington State) appropriate a significant annual bud-
get, in excess of $100,000.

Figure 13b shows the level of money spent annually
from “Other” sources, because the fiscal budgets of trans-
portation agencies do not include geophysics. The amount
of money that is required to complete geophysical investi-
gations is less than $50,000 annually at almost 50% of the
agencies (Figure 13b). Results indicated that 63% of the re-
spondent agencies use less than $100,000 from other fund-
ing sources and 10% use funds in excess of $100,000. Sev-
eral respondents replied that although there are no
independent funds allocated for geophysics, there are very
large annual budgets for geotechnical investigations from
which geophysics does get funded. Table C4 presents com-
ments regarding budgets and funding at the respondent
agencies. Figures 13 a and b indicate that agency money
spent on geophysical investigations is not allocated and not
budgeted separately; therefore, it must eventually come
from either the Design and Construction Branch budget or
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FIGURE 13 (a) Annual budget allocated to geophysical
investigations; (b) annual funding from “other” funding sources
for geophysics.
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from emergency funds and “Other” sources. It is the Design
Branches that carry the largest share of funding, although
construction branches also fund the use of geophysics (re-
fer to Question 34, Appendix C). When it comes to who
makes decisions for budgets and approval of funds for geo-
physical investigations, it is primarily at the division or
branch manager level, with only approximately 10% of the
decisions being made at the agency level. However, ap-
proximately 30% of the time decisions regarding budgets
(for projects) are made by a project manager or highway en-
gineer (Figure 14).

This synthesis has demonstrated that among most agen-
cies the use of geophysics has increased over the past 5
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years (see Figure 5). In addition, the results also indicated
that cost—benefit (see Figure 6) is a major reason to perform
such investigations. It appears likely that the approach
taken to fund geophysics may change as its use becomes
more routine, as it is for example in California and
Saskatchewan. Significantly, when asked to predict how
much will be spent during the current fiscal year (i.e., Ques-
tion 33), the results indicated that more than half of the
agencies (55%) have “no way to estimate” (Figure 15), and
that 22% will spend less than $50,000. Eleven agencies
plan to spend more than $100,000 in fiscal year 2005 on
geophysical investigations.

Funding for research into geophysical applications is lim-
ited. Only 7% of transportation agencies allocate annual
funds for geophysical research and this funding supports ei-
ther educational or commercial institutions. A few final com-
ments regarding spending and use may be drawn from Part 3
of the questionnaire:

* Nearly 70% of transportation agencies will only use
“proven, state-of-the-practice geophysical methods”
(Figure 16).
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FIGURE 15 Prediction of money to be spent in fiscal year
2005 on geophysics.
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FIGURE 16 Use of standard, proven, state-of-the-practice
geophysical methods.

* Cost, skepticism, and lack of management buy-in are
the primary reasons that transportation agencies limit
the implementation of “leading edge or state-of-the-art
geophysical methods” on their geotechnical projects
(Figure 17).

» Twenty-six percent of the respondent agencies indi-
cated that the cost of doing geophysics hinders
agency staff from using it on their geotechnical proj-
ects (Figure 18).

» Figure 19 identifies the typical range of cost per inves-
tigation as well as the number of investigations per-
formed at that spending level. Geophysical projects
costing less than $10,000 dominated the results.

CONTRACTING

Part 4 of the questionnaire dealt with contracting, in-house ca-
pabilities to perform geophysical investigations, contractor
selection and award processes, and what would make DOTs
more comfortable with geophysics. Results from this section
are presented in Tables C5 and C6 and charts in Appendix
C—Part 4. Table 3 identifies the position (i.e., title) of the in-
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FIGURE 17 Rationale for not using leading-edge or state-
of-the-practice geophysical methods.
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dividuals who are responsible for preparing RFPs and also
shows how they are developed. The trend is for staff geolo-
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number per year at that cost level.

gists or engineers to prepare the RFPs, with the exception of
some supervisors or consultants enlisted to assist. In addition,

although RFPs are prepared primarily by experienced staff or

consultants, they are most often done on a project-by-project
or case-by-case basis.

State, federal, and Canadian transportation agencies all ap-
pear to contract out a major portion of the geophysics work to

TABLE 3
WHO PREPARES RFPs AND HOW THEY ARE PREPARED (Response to Question 43)
Agency Who How
AKDOT Supervising geologists or engineers N/R
AZDOT Geotechnical design engineers N/R
CALTRANS Designated project lead Internal consultation and review by geophysics
branch
CFLHD Geotechnical engineer Personnel knowledge
CODOT It varies—project design staff, geotechnical ~ N/R
staff, or others
CODOT Staff Past projects and revised because of problems
CTDOT It is usually someone at a project engineer N/R
level, from whatever group is interested in
getting the information. It could be the
geotech, structures, or pavement of design
group that could develop the RFP
DCDOT Design consultant N/R
Edmonton Project manager Incorporated as addendums or special provisions
to a standard contract
FLDOT Geotechnical engineer Either through project scope of service or
through a district-wide contract (not efficient
because prime consultant hires a sub-consultant
to do work and charges an overhead/admin. fee)
GADOT Geotechnical engineer/manager Open-ended contracts (Infinite Delivery/Infinite
Quantity)
HIDOT Design Branch N/R
IADOT Design Office Previous examples/usages
IDDOT Project manager N/R
ILDOT Geotechnical engineer Consulting with specialty subcontractor
INDOT Designers N/R
KSDOT Chief geologist In-house
KYDOT Project engineer Based on previous contracts
MADOT Geotechnical engineer In-house




TABLE 3 (continued)

Manitoba Geotechnical engineer

MDDOT Chief, Engineering Geology Division
MEDOT Geotechnical engineer

MIDOT Project manager

Ontario Regional supervisor

MODOT Geotechnical section

MTDOT N/R

NDDOT Researchsection

New Brunswick Me

Use the department's template
N/R
N/R

Mostly boiler plate format tailored to specific
project

Standard RFP

Working with university personnel orwith
consultant personnel for firms on contract list
In-house personnel perform work

N/R
N/R

NHDOT Research geologist Supplemental provisions
NJDOT In-house/consultants N/R
NMDOT Geotechnical manager On-call contracts
OHDOT Our office or district managing engineer Text document
ORDOT Project geologist/engineer N/R
ORDOT Project geo-personnel Case-by-case basis
Port Authority Geotechnical engineer Discussion with geophysical specialist or
NY/NJ engineer
Quebec Geotechnical engineer N/R
Saskatchewan Pavement engineer for GPR Past experience
SCDOT Consultant written, reviewed by N/R
geotechnical engineer
SDDOT Unsure N/R
TNDOT Geotechnical section As needed
TXDOT University writes project statement Through interagency contracts
UTDOT Geotech division engineers and geologists Define the scope of work and estimate, then
utilize the existing pool contracts
VTDOT Project manager, project engineer Generally in cooperation with vendors
WFLHD Project geotech N/R
WSDOT Chief engineering geologist Provide to the consultant liaison

Notes: N/R = no response; RFP = Request for Proposal; GPR = ground penetrating radar.

private consultants. Figure 20 shows that there are just seven
agencies that use qualified in-house staff to perform geo-
physical investigations (not necessarily geophysicists, but
staff with experience conducting investigations), and that 23
use both in-house and contractors. Slightly less than 50% use
only private contractors. Because there are a fair number of
agencies that conduct their own geophysical investigations,
Questions 46 and 47 asked if the equipment and software was
owned or rented. The results indicated that 50% of the agen-
cies do own the necessary equipment and software; however,
they noted that it was equipment selected for particular meth-
ods and/or applications.

When using private contractors, the agencies noted that
the most common form of solicitation is “limited solicita-
tion,” as shown in Figure 21. Limited solicitation refers to
sending RFPs to prequalified, preselected contractors, and
contractors with whom the agency has had previous experi-
ence and therefore are confident in working with them.
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FIGURE 20 Use of in-house or contract geophysicists.
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Figure 21 also shows that sole-source solicitation is the sec-
ond most common approach to procuring service providers.
Open competition and (open) web solicitations represent ap-
proximately 18% of the response. Answers to Question 49
revealed that 26% of the agencies use large Indefinite Deliv-
ery/Indefinite Quantity (ID/IQ) and “on-call” contract vehi-
cles. These ID/IQ contracts allow for rapid access to the
vendors who are technically qualified, and once the contract
has been awarded by the agency it limits the task order (i.e.,
RFP) and the purchase order (i.e., procurement) process. The
respondents indicated that the typical length of an ID/IQ and
on-call contract is from 2 to 3 years, and ranges from $100,000
to $300,000 in contract value (no guarantee of use). However,
some contracts as large as $4 million over 5 years using
multiple private contractors have been awarded (see results in
Table C6, Appendix C—Question 49).
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FIGURE 22 Typical type of contract for geophysical
transportation projects.

In addition to the type of solicitation (see Figure 21) there
is value in understanding what type of contracts transporta-
tion agencies award for geophysical services. Figure 22
shows the variety of contracts identified through answers to
Question 50, and the distribution of award types. Lump-
sum/fixed-price awards represent 34% of the responses, but
unit price low-bid and time and materials are about even at
approximately 15% each. Questions about using academic
institutions to perform geophysical investigations indi-
cated that 14% of the agencies do award “run-of-the-mill”
geophysical projects to such institutions (Question 51);
however, when it comes to “cutting edge” or “state-of-the-
art” geophysical projects, approximately 22% use acade-
mic institutions and 29% use private/professional contractors
for the projects that are more along the lines of research and
development.



CHAPTER SIX

AGENCY PROJECT EXPERIENCE

This chapter discusses some broad issues regarding agency
experience with geophysics. Areas such as the factors that af-
fect comfort with the technology and their understanding of
its application, what it will take to become more useful as a
technology, and what will help geotechnical engineers be-
come more comfortable using geophysics are reviewed. Fi-
nally, there is a brief discussion of the case histories that were
supplied to this synthesis.

SUCCESSES AND FAILURES

Part 5 of the questionnaire (Case Histories/Project Examples)
solicited information regarding successful applications of
geophysics, as well as the projects where geophysics did not
meet the objective(s). It is important to note that projects were
not defined as “successful” or “unsuccessful” by whether the
investigation met the program budget or its deadlines; rather,
success was solely based on if the geophysics met the objec-
tives of the investigation. Figures 23 and 24 represent impor-
tant results regarding agency experience. Figure 23 breaks
down the total number of successful projects (714) completed
over the last 5 years. This graphical presentation was neces-
sary to cover the wide range of response values; that is, from
six agencies with no successful projects to California’s more
than 200 projects completed successfully over the past 5
years. Most of the agencies (49%) fall between 1 and 10 suc-
cessful projects over this period. Nine agencies indicated im-
plementing more than 20 successful geophysical projects over
the 5-year period, with 2 of those agencies reporting more
than 100 successful projects.

Geophysics has its limitations and a discussion was pre-
sented earlier (see chapter three) regarding appropriate use of
the methods and techniques. Therefore, it is understandable
that unsuccessful geophysical projects do occur. Figure 24
presents agency experience with geophysical investigations
that did not meet the objectives (107 projects). Considering
that there were about the same number of “no responses” as
in Figure 23 for the past 5 years, the ratio of successful pro-
jects to unsuccessful projects is approximately 7:1. This
indicates that geophysics is being used successfully signifi-
cantly more often than not. The agency with the greatest
impact on these results—the California DOT (Caltrans)—
indicated approximately 40 successful and 5 unsuccessful
projects per year (a ratio of 8:1), which correlates closely with
the 7:1 ratio derived from all 58 agencies responding to these

23

questions. Therefore, based on the results of this synthesis, it
appears that approximately 85% of geophysical investiga-
tions are able to meet project objectives. Table C7 lists addi-
tional comments regarding successful projects, unsuccessful
projects, and the lessons learned by the application of geo-
physics (as generated from responses to Question 60). Two
replies from this table are useful to demonstrate the value of
documenting successes and failures: “Our failures have pri-
marily occurred when a geophysicist was not consulted on
the survey design or methodology, resulting in selection of
an inappropriate method or the creation of a poorly defined
scope of work™ (Caltrans) and “Geotechnical engineers ex-
pect too much from geophysics (GPR, seismic refraction, re-
sistivity) on every project they consider its use on (i.e., if it
can’t give them the exact information they want, it is no
good” (New Hampshire DOT).

Based on the information acquired for this synthesis, as
well as discussions with a number of seasoned professional
geophysicists, these data are representative of the overall
number of successful versus unsuccessful projects. However,
within the engineering community the perception of imple-
menting geophysics would imply a higher rate of unsuccess-
ful projects. In general, there is a wide range in the level of
comfort for use of geophysics on geotechnical projects based
on the responses from this questionnaire; that is, from agency
to agency the level of comfort is quite different. When asked
“What could be done that would increase your level of com-
fort to utilize more geophysics on projects?” (Question 55),
the result was not surprising based on the data presented thus
far, and that it had one of the lowest “no response” rates in
the entire questionnaire (see Figure 25).

Figure 25 identifies six issues that could have an impact
on geotechnical engineers promoting the use of geophysics
on their projects. The two most-cited issues, training/knowl-
edge and experience, are what will elevate the technology to
a new level of use. That is, 81% (47 of the 58 respondents)
reported these two issues as being of primary importance,
and only 3% (i.e., 2) of the agencies did not. Recall that only
three agencies indicated that they have formal training pro-
grams (chapter three). It is apparent that with time (i.e., ex-
perience) and additional training (i.e., conferences and short
courses) other agencies will become more comfortable with
the technology. Figure 25 also reveals that as the ASTM
Guides and Standards (Table 2) are implemented and further
developed (see “Standards”), the level of comfort among
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FIGURE 24 Number of unsuccessful geophysics projects
within the past 5 years.

engineers will increase. Then the potential exists that more
successful projects will follow owing to the correct imple-
mentation of geophysical techniques. It is interesting to note
that between 50% and 60% of the agencies responded that
equipment, software, and a database of “qualified service
providers” would also help, although between 10% and 20%
do not believe that this will be of assistance. Nevertheless,
with additional training and experience these latter three is-
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FIGURE 25 Increasing the level of comfort using geophysics.

sues will become less of a factor toward successful imple-
mentation of geophysics among transportation agencies.

CASE HISTORIES

The most acceptable approach to acquiring experience is to
share successful and unsuccessful project examples. The sur-
vey asked for respondents to indicate if they would share
case histories of either good or bad use of geophysics with
others; 41% (or 22 agencies) replied “Yes” (Question 61).
This represents a significant amount of knowledge to be
shared with other like agencies. On request, 13 agencies sup-
plied project examples for this synthesis, and 3 agencies sup-
plied website links to more than one case history. It is clearly
beyond the scope of this synthesis to present all the exam-
ples; however, they are listed in Table 4 (including the
weblinks), so that interested parties may contact an agency
to obtain the example(s) and learn from these other applica-
tions of geophysics to engineering problems. Based on the
submitted documents, it was decided that four selected case
histories would be included. Two successful (Saskatchewan
and the Wisconsin DOT) and two unsuccessful (Kansas DOT
and Caltrans) case histories are presented in Appendix D us-
ing a simple and patterned format to address objective, re-
sults, lessons learned, and conclusions. It is anticipated that
the remaining case histories will be provided to FHWA for
inclusion in their geophysics workshop for a more represen-
tative presentation regarding the use of geophysics as applied
on engineering projects. Recall that an extensive literature
search produced a Topical Bibliography for this synthesis
that lists many more case histories for specific geophysical
methods and techniques (e.g., through conference papers).

PROJECT COSTS

A portion of this synthesis topic intended to determine the
cost of conducting geophysical investigations. Although a
few charts were presented in chapter five relating to the range
of costs, the actual expense to perform an investigation is not
readily available. Both Owen (22) and Rutledge et al. (23) at-
tempted to provide analysis of the commercial costs without
the bias of being a commercial service provider. A concerted
effort was recently made by Rutledge et al. (at Virginia Tech)
to directly contact more than 30 well-established geophysi-
cal consulting companies within the United States with a
survey/questionnaire regarding costs of performance; how-
ever, only 4 responses were received, a response rate of less
than 15%. Based on discussions with Rutledge, it was deter-
mined that the conclusions were less than representative and
therefore he “could not include absolute costing of geo-
physics in the primer, because of poor response.” Two rea-
sons govern the inability to discuss costing: (1) contractors
do not want to provide their labor rates nor their mark-up
(i.e., multiplier) and (2) transportation agencies cannot com-
pare the way they would “cost” a geophysical investigation
in a fashion similar to private consultants (D. Reid, personal



TABLE 4

CASE HISTORIES SUPPLIED FOR THIS SYNTHESIS

Case History Provided by Method
Agency Agency (Technique) Application Status
Caltrans Faulting Structures for California Seismic Detection of 8]
Interstate Project (Reflection) faulting
Case History 1—Appendix D
Central Lava Tubes Seismic Locate voids (lava S
Federal Lands (Reflection) tubes) beneath the
Highway Resistivity ground surface
Division (Ohm-Mapper) and roadway
GPR
Magnetics
EM
Colorado DOT Idaho Springs Mineshaft, I-70 GPR Sinkhole/ S
mineshaft
Kansas DOT K-18 over the Kansas River Resistivity Bedrock depth U
Case History 3—Appendix D Seismic Bedrock depth U
(Refraction)
Massachusetts ~ Route 44 Carver, Massachusetts Resistivity Detection of peat
DOT (Ohm-Mapper) deposit
Manitoba Refraction Seismic Surveys near Seismic Bedrock depth S
Falcon Lake, Manitoba (Refraction)
FDEM Soil S
characterization
Maryland www.highwaygeologysymposium.org (multiple case histories available)
DOT
Minnesota I35W Bridge 9613 Vibration Establish safe S
DOT monitoring vibration levels
for pile driving
New Report FHWA-NH-RD-12323U GPR Bedrock depth S
Hampshire Enhancing Geotechnical and fractures
DOT Information with Ground GPR Composition, U
Penetrating Radar sub-bottom
profiling,
and voids
Rochester Bridge Resistivity Abutment S
imaging
GPR Bedrock profile S
NH Route 25 Warren—-Benton Resistivity Bedrock profile S
13209 GPR Subsurface S
characterization
NH Route 102 Improvements Resistivity Pipe S
Hudson 13743 GPR Pipe S
US Routes 4 and 202 and NH Resistivity Assess extent of U
Route 9, Chichester 13922 organic soil
Ohio DOT Geotechnical Research Project ~ www.dot.state.oh.us/research/Geotechnical.htm
Reports and Implementation (multiple case histories available)
Plans
Construction Diary of the SR32 www.dot.state.oh.us/mines/FebMar99.htm
Mine Remediation Project (multiple case histories available)
Constructed 1998-1999
Port Authority Microtunneling at JFK Seismic Microtunnel steel S
of New York International Airport (Crosshole) casings under an
& New Jersey SASW active runway S
Saskatchewan Stony Rapids Airfield GPR Runway S
Case History 2—Appendix D subsidence
Wisconsin US Highway 53 Birch Street EM Delineate landfill S
DOT Interchange Site GPR Delineate landfill S

Case History 4—Appendix D

Notes: U = unsuccessful project case history; S = successful project case history; GPR = ground penetrating radar;
EM = electromagnetic; FDEM = frequency-domain electromagnetic; SASW = Spectral Analysis of Surface Waves.
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communication, Wisconsin DOT). Owen (22) showed
hourly rates for contractors that ranged from 1.9 to 2.5 times
that of the in-house rates (for GPR investigations); however,
transportation agencies are not in the business of conducting
geophysical investigations for profit.

Information gathered for this synthesis and results derived
by Tandon and Nazarian (4) concluded that the rationale for
the lack of response and the inability to present “costs per
method” or “costs per project” is reasonably straightforward.
Simply put, sharing the confidential information a company
uses to bid projects does not serve that company’s best inter-
ests. Moreover, the cost to perform a geophysical investiga-
tion using an academic or research institution versus a private
company is not directly comparable owing to the need of a
private company to include profit (i.e., make money).

With that said, it is not that difficult to use assumed ranges
of personnel rates and predict the number of crew members
necessary for a particular technique (e.g., GPR generally needs
only one person, whereas refraction can use a two- to four-

person crew depending on site conditions and schedule). Sim-
ilarly, equipment daily rates can be obtained on-line from a
number of manufacturers and vendors that rent geophysical in-
strumentation for profit. The combination of personnel rates
and equipment rates can quickly yield a “crew day rate.” How-
ever, it must be made clear that the crew day rate is less than
half of the equation in attempting to price a geophysical
investigation for any of the techniques discussed in this syn-
thesis. The most significant factor controlling project cost is
the “production rate.” For example, it is the line miles per day
of GPR, acres per day of EM, or number of seismic spreads
per day that can be completed with quality standards that dic-
tates the project cost. Because the site conditions (e.g., terrain
and vegetation) and the objectives (e.g., depth of investigation,
size of target, and aerial coverage) on nearly every project are
different, so are the proposed costs to complete the survey,
even with the same geophysical technique, explaining why
Owen (22), Tandon and Nazarian (4), and most recently Rut-
ledge et al. (23) and this NCHRP synthesis were unsuccessful
in quantifying the actual cost to perform a geophysical inves-
tigation, specifically among commercial service providers.
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CONCLUSIONS AND FUTURE RESEARCH NEEDS

The results of this synthesis are summarized in this chapter.
The chapter also includes recommendations for future re-
search regarding geophysical investigations, as defined by
the respondent agencies.

The implementation of geophysical investigation tech-
niques is increasing among transportation agencies, with
project-specific applications continuing to diversify. How-
ever, there remains some skepticism among those engineers
and geoscientists who are attempting to implement the tech-
nology on their projects and within their agencies. Through
the use of the questionnaire, comments, interviews, and dis-
cussion of case histories, it appears that in some instances
implementation of geophysics is being undertaken

» Without proper selection of the technique for the spe-
cific application(s),

* With an inadequately defined scope of work,

e With inadequate means to acquire and objectively
interpret data, and

* By individuals with inadequate education or experience
in the field.

These issues could be because transportation agency fund-
ing is insufficient for implementing geophysics as a reason-
able alternative on field programs prior to conventional geo-
technical investigation procedures (i.e., drill and sample). The
synthesis indicates that typical geophysical field investigation
expenditures are small (generally less than $10,000) and at
this level contracting out the service can be burdensome un-
less previously experienced or known contractors are avail-
able or larger Infinite Delivery/Infinite Quantity contracts can
be used to award a task order with notice-to-proceed.

The synthesis identified the most common geophysical
methods used by the 58 respondent agencies as (1) seismic,
(2) ground penetrating radar, and (3) vibration monitoring.
Generally, these geophysical methods are the most fre-
quently used because they are best suited to resolve the ma-
jority of geotechnical engineering problems and applications
for subsurface characterization. The most common geotech-
nical applications identified by this synthesis relate to (1)
bedrock mapping, (2) roadway subsidence problems, and (3)
mapping (characterizing) soil deposits.

It became clear through analysis of the literature that the
distinction between nondestructive testing (NDT) and geo-

physical methods is not clear. Many times respondents in-
cluded NDT technologies in their comments, responses, and
examples although geophysics is the topic for this synthesis.
Although significant overlap exists between the physics of the
two technologies, it is the application that distinguishes be-
tween the two. As defined in this synthesis, geophysical tech-
niques are applied to earth (geo-) materials, whereas NDT is
applied to man-made structures.

Results indicated that the need for improved education
and training is a primary concern, as well as the need for
better equipment and software. Also, the development of
standards could help engineers increase their level of com-
fort with geophysics. However, because geophysics is such
a specialized field, and because engineering problems have
risks associated with them, it appears that it might be some
time before geophysics will be used as routinely as it is in
the exploration for natural resources. That is, geophysics is
the standard by which oil and gas and other natural re-
sources (e.g., metals and coal) are located in the subsur-
face. It took nearly 50 years for the natural resources
exploration geophysics industry to develop the tools and
expertise necessary to make geophysics the primary tool
that used ahead of or in lieu of conventional exploration
methods.

Results from the survey questionnaire indicated that al-
most 50% of transportation agencies and the engineers (i.e.,
the end-users) have been applying geophysics technology for
less than 10 years. Therefore, it should not be a surprise
that obstacles such as understanding, cost, and skepticism
continue to restrict its use. It is apparent, however, that the
geoscientists and engineers associated with transportation
programs believe that geophysics should be a user-friendly
technology. Their request is for inexpensive approaches to
acquire data and simple methods to objectively interpret the
data. The paradox seems to be that geophysics is, by virtue,
a technical and complex science. When applying theory to
earth materials such as rocks and soils, which are inherently
heterogeneous, the complexities compound. Engineers need
to quantify material properties and site (subsurface) charac-
teristics owing to the risk factors and safety needs associated
with planning and constructing facilities used by the public.
Utilizing the best available technology, or set of technolo-
gies, is appropriate when applied correctly, even if the results
are qualitative and dependent on qualified individuals to pro-
duce subjective interpretations.
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As shown by agencies responding to this synthesis, geo-
physics can aid in transportation planning and construction
programs. Incorporating geophysics into geotechnical pro-
jects will simply take time, which will ultimately build a
more solid base of experience. A few transportation agencies
have already demonstrated the value of using this technology
regularly and over extended periods of time, whereas most
reported only “...occasional use.” The agencies that use it
regularly understand the science and can promote the bene-
fits within their agency. The values of geophysics as defined
by this synthesis include:

¢ Cost-effectiveness,

* High density of measurements,

* Quick acquisition over large areas,

¢ The combination of two- and three-dimensional assess-
ment, and

¢ Visualization of subsurface features.

As noted in the survey responses, comments, and discus-
sions, these values and benefits will only come through edu-
cation, training, and experience.

Finally, transportation agencies do not implement geo-
physics the same across the country and in Canada. Geologic
settings, materials, and tests necessary to plan or construct
transportation projects can vary greatly from state to state,
from province to province, and from country to country. This
is primarily the result of a lack of experience and education
about the application of the technology, not the availability or
cost. As costs for traditional geotechnical sampling and testing
increase and the geophysical community continues to educate
the end-users as well as advance its methods (hardware and
software) there can be a much wider acceptance of the tech-
nology among transportation agencies. Geophysics can be
used in a variety of settings, and when applied correctly can
provide savings and permit quicker site assessment for geo-
technical projects. Using multiple geophysical methods and
integrating the data with standard geologic and geotechnical

site-specific data may ultimately lead to more consistent use of
geophysics. Table C9 presents final comments from respon-
dents concerning other items not covered by the questionnaire
and general comments about the synthesis.

The final survey question (see Appendix B, Question 63)
sought open comments on the future needs for geophysics
technology. Comments were provided by 35% of the re-
sponding agencies and are presented in Table C8 (Appendix
C). A brief review is provided here.

As anticipated, responses varied considerably for this topic;
however, a definite call for standards and more educational op-
portunities were predominate. The Tennessee Department of
Transportation respondent may have stated it best: “training,
training, training, and ...training.” Development of a National
Highway Institute course on the application of geophysics to
geophysical problems was also a common theme. Simply
put, it is through good, constructive, case-history education
(i.e., experience-driven) that transportation agency engineers
throughout the United States and Canada will be able to fully
make use of existing state-of-the-practice technologies and
appropriate applications of geophysical methods to help solve
transportation-related problems. In addition, the development
of “off-the-shelf” methods and applications appears to be a
need, as well as easy-to-use (inexpensive) field instrumenta-
tion and software tools for interpretation. The most frequent
comment regarding a particular geophysical technique in-
volved more research into surface wave methodologies and
applications (i.e., Spectral Analysis of Surface Waves, Multi-
Channel Analysis of Surface Waves, and microtremor meth-
ods such as ReMi). Within the geophysical industry, these are
among the most significant emerging technologies and their
applications are just being realized. In addition, it was evident
that an understanding of the difference between geophysics
and NDT, the similarity of the physics applied, and the simi-
lar nature of applications needed by engineers will overlap
until additional educational opportunities exist for the two
technologies.



GLOSSARY

Accelerometer—device that converts the effects of mechan-
ical motion into an electrical signal that is proportional to
the acceleration value of the motion.

Alluvium—ageneral term for unconsolidated material (e.g.,
clay, silt, sand, or gravel) deposited from running water.
Often a sorted or semi-sorted sediment in the bed of a
stream or on its flood plain or delta. Deposit may be in the
form of an alluvial fan.

Analytic signal—automated function that enables one to de-
termine analytic signal depth solutions from gravity and
magnetic profiles.

Anomaly—deviation from uniformity in a physical property.

Apparent resistivity/conductivity—resistivity of a homoge-
neous isotropic ground that would give the same voltage/
current or secondary/primary field ratios as observed
in the field with resistivity or electromagnetic methods.
The apparent conductivity is the reciprocal of the apparent
resistivity.

Aquifer—rocks or unconsolidated sediments that are capable
of yielding a significant amount of water to a well or a
spring.

Aquitard—geologic formation(s) of low hydraulic conduc-
tivity, typically saturated, but yielding a limited amount of
water to wells. Also referred to as a confining unit.

Bedrock—general term referring to rock that underlies un-
consolidated material.

Bulk modulus—gives the change in volume of a solid sub-
stance as the pressure on it is changed. The bulk modulus
for a solid substance is its resistance to change volume un-
der pressure.

Common Mid-Point (CMP) survey—seismic reflection tech-
nique for detecting geologic boundaries.

Complex resistivity (CR)—geophysical effect, also the basis
of the CR method, in which polarization within the
medium results in the voltage and applied current being
out of phase—that is, their ratio is complex. Also known
as spectral induced polarization (IP). IP is one form of
complex resistivity.

Conductance—product of conductivity and
(Siemens).

Conductivity (electrical)—ability of a material to conduct
electrical current. In isotropic material it is the reciprocal
of resistivity. Units are Siemens/m.

Crosshole—geophysical methods carried out between bore-
holes (see also tomography).

Crosshole seismic—seismic method between boreholes us-
ing a source in one borehole and a receiver in two or more
boreholes to measure the P- and S-wave velocities of the
strata within the borehole.

Detector—can be any kind of a sensor used to detect a form
of energy, but usually refers to nuclear detectors, such as
scintillation crystals.

thickness
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Dielectric constant—measure of the ability of a material to
store charge when an electric field is applied.

Dipole—pair of equal charges or poles of opposite signs.

Elastic properties—elastic properties specify the stress—strain
properties of isotropic materials in which stress is propor-
tional to strain. They include bulk and shear moduli.

Electrode—piece of metallic material that acts as an electric
contact with a nonmetal. In chemistry, it refers to an in-
strument designed to measure an electrical response that is
proportional to the condition being assessed (e.g., pH,
resistivity).

Electromagnetic (EM) method—method that measures mag-
netic and/or electric fields associated with subsurface cur-
rents.

Electromagnetic wave—electric field associated with sub-
surface currents.

Field—space in which an effect, such as gravity or magne-
tism, is measurable.

Frequency domain—in geophysics, refers to measurements
analyzed according to their constituent frequencies. The
usual alternative is time—domain measurement.

Gamma—common unit of magnetic field intensity, equal
to one nanoTesla (a Tesla is the ST unit). The Earth’s mag-
netic field strength is about 50,000 gammas (y) in mid-
latitudes.

Geophones—in seismic geophysical methods, receivers used
to record the seismic energy arriving from a source.

Gravity—Ilateral density changes in the subsurface cause a
change in the force of gravity at the surface. The intensity
of the force of gravity owing to a buried mass difference
(concentration or void) is superimposed on the larger force
of gravity owing to the total mass of the earth. Thus, two
components of gravity forces are measured at the Earth’s
surface, total field, and second, a component of much
smaller size that varies as a result of lateral density
changes (the gravity anomaly).

Ground penetrating radar (GPR)—geophysical method in
which bursts of electromagnetic energy are transmitted
downwards from the surface, to be reflected and refracted
by velocity contrasts within the subsurface. Also known as
ground probing radar.

Induced polarization (IP)—geophysical effect whereby elec-
trical charge is momentarily polarized within a material,
usually a disseminated ore or a clay. This effect is the ba-
sis for the IP method, in which a decaying voltage owing
to this polarization is measured following the turn-off of
the activating current in time—domain surveying. See also
complex resistivity.

Induction (EM), induce—process, described by Faraday’s
Law, whereby a variable magnetic field generates an elec-
tric field (voltage) that, in the presence of a conductor, will
produce electric currents.
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Karst—topographic area that has been created by the disso-
lution of carbonate rock terrain. It is characterized by cav-
erns, sinkholes, and the absence of surface streams.

Magnetics—the Earth possesses a magnetic field caused pri-
marily by sources in the core. The form of the field is roughly
the same as would be caused by a dipole or bar magnet lo-
cated near the Earth’s center and aligned subparallel to the
geographic axis. Many rocks or minerals are weakly mag-
netic or are magnetized by induction in the Earth’s field, and
cause spatial perturbations or “anomalies” in the Earth’s
main field. Man-made objects containing iron or steel are of-
ten highly magnetized and locally can cause large anomalies.
Magnetics is the geophysical method used to measure anom-
alies in the subsurface owing to a high ferrous composition.

Magnetic permeability—characteristic of a material, it is
proportional to the magnetism induced in that material di-
vided by the strength of the magnetic field used.

Magnetic susceptibility—measure of the extent to which a
substance may be magnetized, it represents the ratio of
magnetization to magnetic field strength.

Magnetization—magnetic moment per unit volume; a vector
quantity.

Mapping—Ilocating geological, chemical, or geophysical in-
formation in space (as opposed to time, which is monitor-
ing). Results are usually summarized as maps.

Mechanical caliper—borehole tool used to measure the di-
ameter of a borehole. The shape of the borehole is a result
of the subsurface lithology and the drilling technique.

Monitoring—observing the change in a geophysical, hydro-
geological, or geochemical measurement with time.

Multi-Channel Analysis of Surface Waves (MASW)—in situ
method that analyzes dispersion of surface waves and
inverts it in terms of mechanical properties of the soil.

Nondestructive Testing (NDT)—uses geophysical methods
to test engineered structures for integrity.

Permittivity—property that enables a three-dimensional ma-
terial to store electrical charge; that is, its capacitivity.

Poisson’s Ratio—ratio of lateral strain and axial strain. Ratio
of transverse contraction strain to longitudinal extension
strain in the direction of stretching force. Tensile deforma-
tion is considered positive and compression deformation is
considered negative.

Profiling—in geophysics, an investigation method whereby
an array of sensors is moved along the Earth’s surface
without change in its configuration to detect lateral
changes in the properties of the subsurface (faults, buried
channels, etc.). The alternative is usually a sounding.

Pseudosection—cross section showing the distribution of a
geophysical property, such as seismic travel time, from
which the distribution of the geological property of inter-
est (e.g., depth to bedrock) can be interpreted.

Radioactivity—energy emitted as particles or rays during the
decay of an unstable isotope to a stable isotope.

Rayleigh Wave—waves that travel along the free surface of a
solid material. Particle motion is always in a vertical plane,
elliptical and retrograde to the direction of propagation.

Raypath—direction a seismic generated source travels in the
subsurface.

Receiver—part of an acquisition system that senses the in-
formation signal.

Refractor—portion of the raypath that travels along the in-
terface of two solid materials that have two different ve-
locities. Lower material has a higher velocity than the
overlying material V1 < V2.

Resistivity (electrical)—electrical resistance to the passage
of a current, expressed in ohm-meters; the reciprocal of
conductivity.

Rippability—ease with which soil or rock can be mechani-
cally excavated.

Seismic—see seismic reflection and seismic refraction.

Seismic reflection—surface geophysical method recording
seismic waves reflected from geologic strata, giving an es-
timate of their depth and thickness.

Seismic refraction—surface geophysical method recording
seismic waves refracted by geological strata.

Seismic velocity—if the ground is stressed by a hammer blow
or explosion, three types of waves propagate into the sub-
surface; P-Primary waves, S-Secondary waves, and Surface
waves. The rate at which these waves travel is the seismic
velocity measured in meters per second or feet per second.

Shear modulus—stress—strain ratio for simple shear in isotropic
materials that obey Hooke’s law. Ratio of shear stress to
engineering shear strain on the loading plane.

Shear wave—acoustic wave with direction of propagation at
right angles to the direction of particle vibration (S-wave).

Shear zone—subsurface area in the lithology that causes an
acoustic wave to propagate at right angles to the direction
of particle vibration.

Soil resistivity—mineral grains composed of soil and rocks
are essentially nonconductive. The resistivity of soils and
rocks is governed by the amount of pore water, its resis-
tivity, and the arrangement of pores

Sounding—in geophysics, an investigation method whereby
the geometry and/or frequency of an array of sensors are
varied so as to measure the physical properties of the earth
as a function of depth beneath the configuration. The al-
ternative is usually profiling.

Spectral Analysis of Surface Waves (SASW)—in situ seis-
mic method that analyzes dispersion of surface waves and
inverts it in terms of mechanical properties of the soil.

Spontaneous-potential log—Ilog of the difference in DC volt-
age between an electrode in a well and one at the surface.
Most of the voltage results from electrochemical poten-
tials that develop between dissimilar borehole and forma-
tion fluids.

Statics—time shift corrections to individual traces to com-
pensate for the effects of variations in elevation, surface
layer thickness or velocity, or datum references.

Surface wave—wave that travels along, or near to, the surface;
its motion dropping off rapidly with distance from it. A dis-
tinct seismic mode from the body waves (P- and S-waves).



S-wave—a body wave in which particles move perpendicu-
lar to the direction of propagation. Also known as sec-
ondary or shear wave.

Terrain conductivity—geophysical method in which EM
methods measure directly the average electrical conduc-
tivity of the ground. Operates at low induction number.

Time domain—in geophysics it refers to measurements ana-
lyzed according to their behavior in time. The usual alter-
native is frequency domain measurements.

Tomography—method for determining the distribution of
physical properties within the earth by inverting the results
of a large number of measurements made in three dimen-
sions (e.g., seismic, radar, resistivity, and EM) between
different source and receiver locations.

Transducer—any device that converts an input signal to an
output signal of a different form; it can be a transmitter or
receiver in a logging probe.
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Unexploded ordnance (UXO)—any munition that has not
functioned properly during its firing, where the munition
is dangerous and potentially capable of exploding.

Variable-density log (VDL)—a log of the acoustic wave
train that is recorded photographically, so that variations
in darkness are related to the relative amplitude of the
waves. Also called a three-dimensional log.

Vibroseis—mechanical device used as a seismic source in-
stead of a hammer or explosives.

Well logging—geophysical method used in boreholes to pro-
vide waveforms that are interpreted into geologic units.
Televiewer logging provides actual pictures of the bore-
hole or casing surface.

Young’s modulus—ratio of normal stress to strain in the
loading plane. It is the ratio of equilibrium length over the
change in length times the force applied over the area.
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APPENDIX A
Methods and Techniques

Much of the following text and information presented in this appendix was provided for the synthesis project by FHWA. The
documents were prepared as part of the Geophysics Workshop currently in preparation by FHWA.
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Geophysical Method Selection Matrix

FHWA/State DOT

Name: Phone:

Title: Cell:

Agency: Fax:

Address: E-mail:

City/State/Zip: Web:
Geophysical Contractor

Name: Phone:

Title: Cell:

Agency: Fax:

Address: E-mail:

City/State/Zip: Web:

Project Location:
[] State

[ County

[ City

[] Street Address:

Estimated Budget:
[11$2,500
[1$2,500-$10,000
[1$10,000-$50,000
[1$50,000-$100,000
[]1$100,000-$500,000
[1>$500,000
[1Specify

Specific Project Location:

Time Frame:

112 weeks

[J2 weeks—2 months
[]2 months—6 months
[0>12 months

[1Specify

Mobilization Date:
Demobilization Date:
Number of Mobilizations:

Project Objective:

Bridge (chapter two)

] Depth to foundation

[] Foundation socketing into
bedrock

[ Integrity testing of foundation

[] Testing other substructure
elements

[J Rebar quality

[] Foundation scour

Decks (chapter three)

[] Stability analysis

] QA/QC of new decks

[] Baseline condition
assessment

[] Existing deck evaluation

[J Presence, pattern, density of
rebar

[J] Rebar condition/corrosion

[] Concrete condition/integrity

[ Incipient spalling

Pavement (chapter four)

] QA/QC of new

[J Condition evaluation

[] Segregation in hot mix asphalt
[] Moisture variation

[ Rock pockets

[J Voids beneath

[ Cracking

[] Condition/integrity

Roadway Subsidence
(chapter five)

[ Clay content

[ Expansive clay

[J Voids, cavities

[] Sinkholes

[J Abandoned mines

Subsurface Characterization
(chapter six)

[] Depth of bedrock

[] Depth of structures

[] Depth of fractures

Subsurface Characterization

(chapter six)

[ Identifying weak zones within
bedrock

[J Mapping lithology

[] Locating shallow sands and
gravels

[] Mapping groundwater surface
and flow

Imaging Buried Manmade
Features (chapter six)

[ Utilities

[ Unexploded ordnance (UXO)
[ Pipeline

[ Underground storage tanks
[ Contaminant plumes

Vibration (chapter seven)
[ Monitoring vibration
[] Specify:




Road Type: Surface Vegetation: Geology:

[] Country lane [] Trees ] Unknown

[ 2-lane road [] Grass [] Limestone

[] 4-lane road [] Bare ] Clay

[] Freeway [] Shrubs [] Sand

[] Freeway interchange [] Specify: [] Shale

(] Bridge Vegetation Density: [] Granite

] No shoulder [] Sparse [] Specify:

[] Not applicable [ Light

[] Specify: [] Medium
[] Heavy

Traffic Control: Target Depth: Target Size:

[] Road closed [11-10cm [J1-10cm

[] Flagger(s) [] provided by: []110-100 cm []10-100 cm
1 1 meter 11 meter

] Not applicable [] 10 meters [] 10 meters

] Specify: [] 15 meters [] 15 meters
[] 100 meters [] 100 meters
] 1 kilometer ] 1 kilometer
] >1 kilometer 1 >1 kilometer
[] Specify: [] Specify:

Supporting Information:

[] Boring logs Cultural Features

[] Site history

[] Site photographs

Above Ground:

Below Ground:

[] Water table depth [] Power lines [ Utilities
] Specify: [] Buildings [] Abandoned mines
[] Roadways [] Landfill
Slopes: [] Railroad [] Pipelines
[] 0°-30° [] Fences [J UXo
[] 30°-45° [] Bodies of water [] None
[] >45° [] None [] Specify:
[] Specify:
OSHA 1910.120:
[] None Recommended Geophysical Methods
] Level D
[]Level C Subsurface Characterization: Engineered Structures Evaluation:
[]Level B [] Resistivity [] Crosshole sonic logging
[] Level A [] Electromagnetics [] Crosshole sonic logging
[] Radioactive [] Ground penetrating radar tomography
] Specify [] Magnetics [] Gamma—gamma density

[] Seismic refraction

[] Seismic reflection

[] Cross borehole tomography
] MASW

[] SASW

[] Specify:

[] Impact echo

[] Ground penetrating radar
[] SASW
[] Specify:

Notes/Action ltems/Comments:
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SEISMIC REFLECTION

Introduction

Seismic methods are the most commonly conducted geo-
physical surveys for engineering investigations. Seismic
data provides engineers and geologists with the most basic
information related to the elastic properties (strength) of
rocks using well-understood geophysical procedures and
common equipment.

Seismic waves are created using either an impulsive
source (hammer, explosives) or a vibrating source called vi-
broseis. In either case these seismic waves travel into the
ground and this energy is partitioned. When it reaches a rock
layer that has a different impedance (related to velocity and
density) some of the energy is reflected back to the ground
surface, some is refracted along the interface, and some con-
tinues deeper into the ground. As the refracted wave travels
along the interfaces, energy is continuously transmitted back
to the ground surface. Geophones placed on the ground sur-
face detect the reflected and refracted waves. Seismic waves
can be divided into two main groups; body waves and sur-
face waves that exist only near a boundary.

Body Waves

These have the highest velocity of all seismic waves and are
called compressional or pressure or primary (P-wave). The
particle motion of P-waves is extension (dilation) and com-
pression along the propagating direction. P-waves travel
through all media that support seismic waves, which includes
solids, gases, and liquids. Compressional waves in fluids; e.g.,
water and air, are commonly referred to as acoustic waves.

The second wave type is the transverse or shear wave (S-
wave). S-waves travel slower than P-waves in solids, usually
at about 60% of the speed of P-waves. S-waves have particle
motion perpendicular to the propagating direction. These
transverse waves can only travel through materials that have
shear strength. S-waves do not exist in liquids and gases, as
these materials have no shear strength.

Surface Waves

Two types of waves, which exist only at “surfaces” or inter-
faces, are Love and Rayleigh waves. Traveling along a sur-
face, these waves attenuate rapidly with distance from the
surface. Surface waves travel slower than body waves. Love
waves have particle motion similar to S-waves. Rayleigh
waves travel in an ellipse similar to ocean waves. Surface
waves are produced by surface impacts, explosions, and wave-
form changes at boundaries. Love and Rayleigh waves are also
portions of the surface wave train in earthquakes. These sur-
face waves carry greater energy content than body waves and
travel more slowly, thus arriving after body waves. Because of

their greater energy content, surface waves may cause more
damage than body waves during an earthquake.

Data Collection

A source, geophone, and seismograph are needed to collect
data for a seismic survey. The source can be a hammer strik-
ing the ground, aluminum plate or weighted plank, weights of
varying sizes that are allowed to drop onto the ground, rifle
shot, harmonic oscillator, waterborne mechanisms, or explo-
sives. The source is commonly referred to as a shot; however,
this does not necessarily imply explosives. The source will
vary depending on the objective of the survey, particularly the
desired investigated depth and physical properties of the rocks
at the sites.

The sensor receiving the seismic energy created by the
source is called the geophone. The sensors are either ac-
celerometers or velocity transducers, and convert ground
movement into voltage. Geophones can be placed in a variety
of geometric patterns referred to as a line, spread, or string of
geophones depending on the objectives of the survey.

The seismograph records input geophone voltages in a
timed sequence. Seismographs store the signals as digital
data at a discrete time.

A portion of the seismic energy striking the interface be-
tween two differing materials will be reflected from the inter-
face. The ratio of the reflected energy to the incident energy
is called the reflection coefficient. The reflection coefficient
is defined in terms of the densities and seismic velocities of
the two materials:

R ps2V2-poiVi
pr2Va+ppiVi
where
R = reflection coefficient;
Ps1s Pr2 = densities of the first and second layers,

respectively; and
Vi, V, = seismic velocities of the first and
second layers, respectively.

Data Processing

Processing is typically done by geophysicists that specialize
in seismic processing using special purpose computers. These
techniques are expensive, but technically robust and excellent
results can be achieved. A close association of the field geo-
physicist, processor, and the consumer is absolutely essential
if the results are to be useful. Well logs, known depths, results
from ancillary methods, and the expected results should be
furnished to the processor. At least one iteration of the results
should be used to ensure that the final outcome is successful.
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FIGURE A1 Schematic of seismic reflection
method.

One important conclusion of the processing is the depth sec-
tion. The production of depth sections requires conversion of
the times of the reflections to depths by derivation of a veloc-
ity profile. Well logs and check shots are often necessary to
confirm the accuracy of this conversion.

Figure Al shows a schematic of the seismic reflection
method illustrating the raypath through successive layers.
The unique advantage of seismic reflection is that it per-
mits the mapping of many horizons or layers with each
shot. Figure A2 shows the raypaths of arrivals recorded on
a multi-channel seismograph. Note that the subsurface
depth is exactly one-half the distance between geophones
on the surface. Figure A3 shows the arrivals on a seismic
reflection record. The various arrivals are identified on
Figure A3.

Advantages

The unique advantage of seismic reflection data is that it per-
mits mapping many horizons or layers with each shot.

Geophone
Interval

Subsurface Reflecting Layer

Coverage

FIGURE A2 Multi-channel recordings for seismic
reflection.
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FIGURE A3 Simple seismic reflection record.

Limitations

Variations in field techniques are required depending on
depth. Containment of the air-blast is essential in shallow re-
flection work. Success is greatly increased if shots and
phones are near or in the saturated zone. Severe low-cut fil-
ters and arrays of a small number (1-5) of geophones are re-
quired. Generally, reflections should be visible on the field
records after all recording parameters are optimized. Data
processing should be guided by the appearance of the field
records and extreme care should be used to stack refractions
or other unwanted artifacts as reflections.

References 1-3, 5, 7, 8, and 10.

SEISMIC REFRACTION

Introduction

The refraction seismic method is used to measure the depths
and velocities of subsurface layers. It is particularly useful for
mapping the depth and topography of the bedrock surface. It
can also be used to find the elastic properties of these layers,
which are useful for engineering purposes. Using the velocity
of the bedrock, the rippability of the bedrock can be deter-
mined along with an estimate of the size of machine required.

Basic Principles of the Refraction Seismic Method

When seismic waves are created on the ground surface they
penetrate the subsurface until they encounter layers with dif-
ferent velocities and/or densities. In the case of refraction seis-
mic, the subsurface layers must have successively increasing
layer velocities with depth. At the layer boundaries, part of the
incident wave is reflected back to the ground surface, part is
transmitted deeper into the ground, and part is refracted along
the surface of the layer boundary. Figure A4 shows the inci-
dent, reflected, transmitted, and refracted waves at a layer
boundary with different velocities on either side. This drawing
also shows the wave that travels along the ground surface,
called the direct wave, and the air wave. As the refracted wave
travels along the refractor surface, seismic energy is continu-
ously refracted back to the ground surface.
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FIGURE A4 Main seismic waves and wave partitioning that
occurs at a seismic interface.

Refraction seismic surveys can be conducted using two
kinds of seismic energy, called compression and shear
waves. Compression waves (P-waves) are the most common
energy source and are created by impacts such as a hammer
hitting a plate placed on the ground surface. In compression
waves, the particle motion is parallel to the direction of travel
of the wave, propagating as a series of contractions and dila-
tions of the rock particles.

Shear waves (S-waves), in which the particles oscillate
orthogonal to the direction of travel, are used along with
P-waves to obtain the elastic properties of the rocks and to
locate fracture zones. Creating shear waves is more diffi-
cult than creating compression waves. This requires hitting
a plank of wood held firmly on the ground surface, or a
specially made device, with a side impact. The velocity of
S-waves is usually about three-fifths of the velocity of
P-waves in consolidated rock.

In the seismic refraction method, the seismic waves that
result from a ground impact are recorded, as illustrated in
Figure AS5. Normally, a minimum of five shots are used for
each seismic spread. Only four shots are shown in Figure AS
for clarity. Normally, a shot in the center of the spread is also
recorded. Additional shots may be recorded, mostly depend-
ing on the expected overburden velocity changes. If these
changes are expected to be significant then more shots may
be needed to better define the overburden velocity, thus im-
proving the accuracy of the overall interpretation.

Data recording seismic wave detectors, called geophones,
are planted in the ground along a straight line, usually with
equal spacings. The number of geophones depends on the sur-
vey and the seismic recorder being used, but usually varies
between 24 and 96. Sometimes the geophones near the ends

Time

Seismic Recorder

Distance .
End shot
Off end shot
4

[N WA N ]

| Direc! wave

Off end shot

Bedrock. Velocity V2 (V2>V1)

FIGURE A5 Schematic showing a seismic refraction
time—distance curve and the refracted waves.

of the spread have smaller separations to obtain the velocity
of thin overburden layers. Shots are positioned as described
previously and the data are recorded on the seismograph. The
source of the seismic energy can be a hammer hitting a metal
plate placed on the ground surface, a small black powder
charge placed in a hole about 2 ft deep, a weight drop system,
or explosives.

Processing and Interpretation

The data are interpreted using one of several methods. Proba-
bly the most commonly used method is called the Generalized
Reciprocal Method (GRM). This method provides depths and
velocities under each geophone and usually produces reliable
results providing the refractor dips at less than 20 degrees rel-
ative to the ground surface.

The first step is to pick the first arrival times of the seis-
mic waves for each geophone and each shot. These arrival
times are then plotted as a function of distance from the shot
location (time—distance plot, Figure AS). The time—distance
data are then input into the interpretation program and the
data are then interpreted to give overburden and refractor
depths and velocities. The method can be used to determine
the depth and velocities of up to about four refractors under
ideal conditions.

Method Limitations

The main sources of error in computing depth to bedrock
from seismic refraction surveys are:
* Low signal-to-noise ratios owing to insufficient source
energy, cultural noise, wind noise, rain, or other local
sources of vibrations.



 Lateral variations in the overburden velocity.

* Potential “hidden layers” resulting from a low-velocity
layer overlain by a higher-velocity layer (velocity rever-
sals), layers too thin to support refracted wave energy, or
thin layers with a low velocity contrast with the layers on
either side.

References 1-3, 5, 7, 8, and 10.

CROSSHOLE SEISMIC TESTING

Introduction

Crosshole seismic testing is conducted to determine the prop-
erties of soils not rock using P- and S-waves in boreholes. The
information obtained from these tests can be used to compute
shear modulus, Young’s modulus, and Poisson’s ratio for sta-
tic/dynamic analysis.

Basic Principles of Crosshole Seismic Testing

The crosshole seismic testing method is similar to seismic
methods; however, it provides information on soil properties
rather than rock properties. Two or more boreholes are used
in this method. One borehole is instrumented with an energy
source and the additional boreholes are instrumented with re-
ceivers (geophones or hydrophones). Figure A6 illustrates
the field setup for a crosshole seismic test.

Field Data Recording

Crosshole seismic testing surveys are conducted using two or
more (three are recommended for optimum results) bore-
holes. These boreholes are drilled to approximately 15 m and
are spaced in a straight line approximately 3.0 m apart. The

Digital Recording

Winch System
System
Trigger Switch | PVC Casing
for Impact .|| | (Grouled in Borehole) Geophones andlor Layer 1
Time 1 Hyd 5 E
,‘A L« Amust be clamped in place)| | |
; —
| et —L-ﬁ———b-——-e'i.
ownhole " “Horizontal-Ray" Assumed Body - Layer 2
Sss;yw"f / Ganeralion of = WanTawiPah | P Y
g Body Waves *
L a—
! 4 | Layer3
= L= =
Source Receiver Receiver
Hole No. 1 No. 2

* Dependent Upon Source Type the Seismic Wave Generated
Could be P-, SV-, or SH Body Waves
ASTM D4428-M91

FIGURE A6 Field setup for crosshole seismic testing.
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spacing can be increased to 4.5 m if the S-wave velocities
will exceed 450 m/s, a common occurrence in alluvial mate-
rials. It is recommended that the boreholes be cased with
PVC and grouted. This provides a smooth uniform surface
that minimizes sidewall disturbance during testing. A bore-
hole deviation survey must be conducted to ensure that the
true vertical depth and horizontal position of any point in the
borehole can be calculated.

A calibration test for the P- and S-wave must be per-
formed in the hole. It is best to perform separate tests for
the P- and S-waves for optimum results. The energy source
is lowered into the borehole approximately 1.5 m, the same
distance as the receivers in the remaining boreholes, and the
source is activated. The signal amplitude and duration of
the wave is adjusted so that they are both displayed in their
entirety. Once the signal amplitude and duration have been
adjusted, repeat the test at subsequent 1.5-m intervals for
the source and receivers until the bottom of the borehole is
reached (Table A1l).

Interpretation determines the true vertical depth and
horizontal position of any point in the borehole using the
information from the deviation survey. Identify the arrival
of the P-wave train followed by the S-wave train. The data
are tabulated with three separate travel times, source to the
first receiver, source to the second receiver, and the time
difference between the first and second receiver. A com-
puter program for crosshole seismic data interpretation is
used to facilitate the number of calculations required for
these data. These computer programs should be capable
of solving the corrected distances, true velocities using
Snell’s law, and the interface depth.

Limitations

* Poor borehole construction affects the data quality.
 Refraction events from high-velocity layers (either above
or below a low-velocity layer) may be misinterpreted.

e Shear velocity is azimuthally anisotropic (velocity
changes in direction).

TABLE Al
RANGE OF P-WAVE VELOCITIES
FOR COMMON ROCK TYPES
Rock/Fluid Velocity Range
Type (ft/s)
Freshwater 4,600
Sand (saturated) 4,900-6,600
Clay 3,280-8,200
Sandstone 6,500-18,000
Shale 3,100-16,700
Limestone 9,800-18,000
Dolomite 8,200-21,300
Granite 18,000-20,300
Gabbro 21,000-23,000
Glacial till 5,000-8,500
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* ASTM requirement for three boreholes is costly.
* Good shear wave energy can be difficult to generate and
record.

References 7, 8, 10, 11, and ASTM D4428.

GROUND PENETRATING RADAR

Introduction

Ground penetrating radar (GPR) surveys are commonly used
for relatively shallow investigations, usually less than 10 m,
although deeper targets can be detected under ideal condi-
tions. The method has many applications, including locating
underground storage tanks (UST), utilities, bedrock topogra-
phy, and cavities in the bedrock. It is also used to evaluate
roadbed integrity and to locate structural features in build-
ings such as post-tension cables.

The method relies on obtaining reflections of electro-
magnetic (EM) energy from objects beneath the ground or
other surface, much like the seismic reflection method. Re-
flections occur when the object provides a contrast in its
relative permittivity (also called dielectric constant) com-
pared with that of the host material. The relative permittiv-
ity for most geologic materials is dominated by that of wa-
ter, which has a relative permittivity of 80. The velocity (V)
of an EM wave in a medium with a relative permittivity of
€ is given by:

where c is the velocity of light (3 X 10% m/s).

The wavelength of an EM wave in a medium can be found
using the equation

where f is the frequency of the wave.

Table A2 provides values of the relative permittivity, ve-
locity, and electrical conductivity of EM waves for some com-
mon materials. These properties often vary with frequency; the
table is for frequencies of approximately 100 MHz.

The success of a GPR survey depends mostly on three
factors: the dielectric properties of the target and host, the
electrical conductivity and clay content of the ground, and
the size of the target. As mentioned earlier, the target has to
provide a contrast in dielectric properties with the host to be
observed. The electrical conductivity is important because
EM waves become increasingly attenuated with increasing
conductivity, which will limit the depth of penetration. In
general, a target whose dimensions are smaller than approx-
imately one-third of the wavelength of the GPR signal will
probably not be imaged.

Figure A7 illustrates two modes for taking GPR data; re-
flection and common mid-point. The most commonly used
mode is reflection. On some GPR systems the transmitter and
receiver are housed in one unit and therefore may be restricted
to recording data using the reflection mode.

Several companies manufacture GPR equipment. Usually
a wide range of antennae are available from each manufac-
turer, providing frequencies ranging from less than 25 MHz
to more than 1 GHz. Some of these instruments house both

RELATIVE PERMITTIVITY, VELOCITY, AND CONDUCTIVITY OF

TABLE A2
SOME COMMON MATERIALS
Relative
Material Permittivity (€)
Ice 3-4
Freshwater 80
Seawater 80
Sand saturated with 20-30
freshwater
Dry sand 3-5
Limestone 4-8
Granite 4-6
Silt 5-30
Clay 5-40
Shale 5-15

Velocity Conductivity

(m/ns) (mS/m)
0.16 0.01
0.033 0.5
0.01 3,000
0.06 0.1-1.0
0.15 0.01
0.12 0.5-2
0.13 0.01
0.07 1-100
0.06 2-1,000

0.09 1-100
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FIGURE A7 Two modes used to record GPR data.

the transmitter and receiver in one box, whereas others pro-
vide separate transmitter and receiver assemblies. High fre-
quencies provide better resolution than lower frequencies but
have less depth penetration. Conversely, lower frequencies
provide better depth penetration but provide lower resolution.

Survey Procedures

Two general types of antenna are available. With the first
type the antenna is designed to be in direct contact with the
ground or surface containing the target. With the second
type, called a horn antenna, the antenna is placed 2 or 3 ft
above the ground. Data recorded with the horn antenna are
also sampled at a much higher frequency than with the
ground coupled antenna and can therefore be mounted be-
hind a vehicle, allowing surveys to be conducted at up to 30
mph. Surveys conducted with the horn antenna are generally
designed for investigations to depths less than approxi-
mately 6 in., such as roadbed surface analysis.

When using a unit that houses both the transmitter and re-
ceiver, the system is pulled along the ground at a slow speed.
The data can usually be viewed on a monitor at the time of
the survey, thereby allowing the operator to check that the
target is being identified.

Ifitis desired to calculate the depth to an imaged target for
a GPR survey, it is advisable to locate a suitable target at a
known depth to calibrate the system and conduct a traverse
across the feature. Such targets may include culverts and other
features that should provide a clear response. If no calibration
target is available, then the relative permittivity of the ground
will need to be estimated. Velocity information can also be
found from CMP surveys, where they can be obtained from
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the variation in reflection time with offset. If such a survey is
not feasible, then an estimate of the relative permittivity will
need to be made using geologic knowledge and the informa-
tion presented in Table A2.

Method Limitations

The main limitation of the GPR method is usually insuffi-
cient depth of penetration. This is often owing to conductive
soils or overburden, usually because of high salt or clay con-
tent. Using lower-frequency antennae can sometimes mini-
mize this limitation. Because of the dependence of depth
penetration on the local ground conditions, such as electrical
conductivity and clay content, the success of GPR surveys is
site-specific, which sometimes cannot be accurately pre-
dicted ahead of the survey.

GPR data can be subject to interference from a number of
sources. Local radio transmitters can saturate the electronics.
Metal objects can interfere with the reflections. Above ground
features, such as utility lines, can produce reflections that
might interfere with the reflections from the target.

References 8—11 and 15.

DC RESISTIVITY MEASUREMENTS

Introduction

Resistivity measurements can be used to find the vertical and
lateral variations in the resistivity of the subsurface. These
measurements have many uses, including measuring the depth
to the top of the water table, determining the depths and resis-
tivities of geologic layers, mapping voids, fractures, and other
geologic features. The method is most appropriate for depths
generally less than approximately 200 ft, although deeper in-
vestigations can be performed.

Resistivity measurements can be divided into two main
groups, soundings and traverses (profiling). Soundings are
used to find the depths and resistivities of the geologic lay-
ers under the sounding site. Traverses are used to map the
lateral variations in resistivity. It is also possible to effi-
ciently conduct surveys combining both soundings and tra-
verses, although the instruments generally used to perform
these measurements employ transmitters with limited power
and therefore provide limited depth penetration. Figure A8
shows the resistivity ranges of some common rock types.

Resistivity measurements can be recorded using several
instruments. The most commonly used instruments are the
Sting/Swift (from Advanced Geosciences Inc.), Iris (from Iris
Instruments, France), and a Swedish company called ABEM.
These companies produce instruments that can be used to
measure the resistivity of the ground using a simple four elec-
trode array or they can be used as an automated system where
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FIGURE A8 Resistivity ranges of some common rock types.

an array of electrodes are positioned before recording the
data. Once this is done, and the electrodes connected to the
recording instrument, the data are recorded with the instru-
ment automatically switching between the required electrodes
S0 as to acquire the data along the whole line.

Basic Principles of Resistivity Measurements

There are numerous electrode arrays that can be used to mea-
sure resistivity. These include Dipole-Dipole (used either in
line or equatorially), Schlumberger, Wenner, Pole-Pole,
Pole-Dipole, and the Square array. Each has particular ad-
vantages and disadvantages. Each array has four electrodes,
two for injecting electrical current into the ground (current
electrodes) and two different electrodes for measuring the re-
sulting voltage (potential electrodes). The most commonly
used electrode arrays are illustrated in Figure A9.

Unless the ground is homogeneous, the measured resis-
tivity does not represent that of any particular layer until the
data have been interpreted. Therefore, the measured resis-
tivity is called Apparent Resistivity, can be thought of as a
composite resistivity that includes contributions from all of
the layers under the sounding site to the depth of investiga-
tion of the measurement.

Square array configurations

S SR i i
. |
Y VR
M i 't '
[ Current
V  \Voltage
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FIGURE A9 Common electrode arrays.

The equations for converting the measured resistance
(W/I) into Apparent Resistivity are given below for the dif-
ferent arrays.

Dipole-Dipole array
%
p=mnn(n+1)(n+ 2)a7
Pole-Dipole array
p=2nn(n+ 1)a¥

Wenner array and Pole-Pole array
p=2naV/l
Schlumberger array
_mv
21 1

The Square array is shown in Figure A10.
Square array; configuration A

_ 2Ta K
2-2 1

In configuration B, no voltage is measured if the ground is
electrically homogeneous.
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FIGURE A10 Square electrode array.



Resistivity Soundings

Resistivity soundings are conducted by measuring the Ap-
parent Resistivity starting with a small electrode spacing and
continuing to take measurements while increasing the elec-
trode spacing until the required investigation depth has been
reached. As the electrode spacings are increased the depth of
investigation also increases. This is sometimes called a geo-
metric sounding.

Generally the Schlumberger electrode array is best for
soundings. This is because the voltage measuring (potential)
electrodes are only moved when necessary to increase the
measured voltage, thus minimizing offsets in the apparent re-
sistivity sounding curve caused by local features near the po-
tential electrodes; that is, boulders, shallow bedrock changes,
soil resistivity changes, or other features that might cause
significant lateral changes in the measured voltage.

A sounding curve can be plotted showing the Apparent
Resistivity versus electrode spacing as illustrated in the up-
per drawing in Figure A11. Computer software is used to in-
terpret the sounding curve producing a model showing the
depths to the top, thickness, and resistivities of the layers
under the sounding site. For this interpretation it is assumed

A Resistivity Rho2

Measured Resistivity

Resistivity Rho1

Y

Distance AB/2

. Current Electrode (1)
g Voltage measuring electrode (V)

-

A v
Layer 1, Resistivity Rh

>

-

Layer2; ivity Rho2

Lines of current flow

Resistance = V/I
Resistivity = geometric factor for electrode array * Resistance

FIGURE A11 Plot of measured resistivity (Apparent
Resistivity) against AB/2 (electrode spacing) and a diagram
showing the Schlumberger electrode array and lines of
current flow in the ground.
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that the layers under the sounding site are horizontal with no
lateral changes in resistivity.

Resistivity Traverses/Soundings

Resistivity traverses are used to locate lateral variations in
the resistivity of the subsurface. With automated resistivity
systems, where the instrument automatically switches to the
relevant electrodes, many different electrode spacings and
locations can easily be recorded, thus producing an Apparent
Resistivity section covering the line of electrodes. These data
now combine both vertical (sounding) and lateral (traverse)
resistivity information. Such sections are often called Pseudo
Sections, because they show Apparent Resistivity plotted
against electrode spacing along a traverse. These sections are
interpreted using software that produces a section showing
the modeled resistivity against depth.

Azimuthal Resistivity Measurements

Resistivity surveys can also be used to locate the occurrence
of fractures and their orientation, using a technique called
Azimuthal Resistivity. With this method, resistivity readings
are taken while the array is rotated about its center. If the
fracture zone is saturated with water and/or contains clay or
soil then it may have a lower resistivity than that of the host
rock and this may be observed as lower resistivities when the
line of electrodes is parallel to the fracture.

With the square array, using diagonal electrodes for the
voltage and current (see Figure A10) can be used to assess
the occurrence of fractures. If no lateral resistivity changes
are present within the area of influence of the array then the
measured voltage will be zero. This method assumes that
horizontal layering is present at the sounding site.

Capacitively Coupled Instruments

One of the more time consuming aspects of resistivity sur-
veys is the time needed to insert electrodes into the ground.
To overcome this problem, capacitively coupled electrode
systems are available. In these systems, an array of capaci-
tively coupled electrodes is connected by a cable and can be
dragged along the ground by an operator walking at a slow
speed. Data are then recorded as the system moves. How-
ever, these systems inject only very small currents into the
ground and are usually limited to resistive ground conditions
and depths of 10 to 20 ms. In addition, the surface conditions
must be smooth and flat with little or no vegetation.

Method Limitations

The conventional resistivity method requires that electrodes
be inserted into the ground, making it quite labor intensive.
If the ground is hard then this may be difficult. In addition,
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in dry ground conditions, the electrodes may need to have
saline water poured on them to lower the electrical resistance
between the electrode and ground. The interpretation of re-
sistivity soundings necessarily assumes that the subsurface is
horizontally layered with no lateral variations in resistivity.

References 1-3, 6, 7, and 10.

TIME DOMAIN ELECTROMAGNETIC SOUNDINGS

Introduction

Time Domain Electromagnetic (TDEM) soundings are done
to obtain the vertical resistivity distribution of the subsurface.
By performing several soundings along a line both the lateral
and vertical variations in the resistivity of the subsurface can
also be observed.

Some of the uses of resistivity measurements include find-
ing the depth to the top of the water table, mapping geologic
structure, and providing resistivity maps to aid in aquifer dis-
covery and evaluation.

Several instruments are available for conducting TDEM
soundings, with the most commonly used being the EM37,
EM47 Protem, and EMS57 systems manufactured by Geonics
of Toronto, Canada.

The depth of investigation varies depending on the instru-
ment used and the geologic conditions, but varies from about
20 ft to more than 1,000 ft. Figure A12 shows the resistivity
ranges of some common rock types.

Basic Principles of TDEM Soundings

The TDEM method uses EM waves to image the subsurface.
A square loop of wire is laid on the ground through which is
passed electrical current having a positive on time followed
by an off time. This is then followed by a negative on time and
then another off time. This process is repeated while the data
are being recorded. This current produces an EM field that
penetrates the ground. When the current turns off, a rapidly
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FIGURE A12 Resistivity ranges of some common
rock types.

changing EM field is created that generates secondary cur-
rents in the ground. The magnitude of the secondary currents
depends on the conductivity of the ground. The secondary
currents, which are also time varying, produce their own time
varying EM fields, which are detected by a receiver coil
placed on the surface of the ground. The receiver coil records
the signal after the transmitter current has turned off. Because
the transmitter produces a square wave current, as described
above, repeated at a predefined frequency, the received signal
is stacked so as to improve the signal-to-noise ratio. The depth
of investigation is related to the length of time after the trans-
mitter loop current has turned off.

Figure A13 illustrates the layout of the system and the re-
ceived signal when the transmitter current turns off. The in-
strument then converts this signal to Apparent Resistivity
values for a series of times (time gates) after the current has
turned off. These values are shown plotted as a measured re-
sistivity (Apparent Resistivity) versus time plot, also illus-
trated in Figure A 13, called a sounding curve. In this case,
the sounding curve is that which would be observed over a
low resistivity layer lying between more resistive layers.

Resistive layer-

Conductive layer

~— Resistive layer = -

Transmitter current

Measured Resistivity

Time after current turnoff

FIGURE A13 Schematic showing the field layout of the TDEM
equipment, the transmitter current and received signal, and the
resulting sounding curve.



Unless the ground is homogeneous the measured resistiv-
ity does not represent that of any particular layer until the
data have been interpreted. Therefore, the measured resistiv-
ity is called Apparent Resistivity, which can be thought of as
a composite resistivity that includes contributions from all of
the layers under the sounding site, to the depth of investiga-
tion of the measurements.

The sounding curve is interpreted using software that iter-
atively modifies a proposed resistivity model (layer thickness,
depths, and resistivities) until the calculated sounding curve
matches the field curve.

Survey Procedures

TDEM soundings require a transmitter loop to be laid out along
with the receiver coil, transmitter, generator, and receiver. For
small depths of investigation where small transmitter loops are
used, it is sometimes advantageous to place the receiver coil ex-
ternal to the transmitter loop.

The depth of investigation is related to the transmitter loop
size, and can range from about one and one half to three times
the side length of the transmitter loop. If both near surface and
deeper interpretations are required, then two soundings may
be performed with different transmitter loop sizes.

References 3 and 7-10.

Method Limitations

Because this is an EM method with a transmitter loop gener-
ating EM fields, surface and subsurface metal will influence
the data and should be avoided. Moreover, this metal does not
necessarily have to be grounded, as in the case with resistiv-
ity methods that use grounded electrodes. Metallic items such
as metal fences, buildings with steel reinforcement, concrete
with reinforcing bar, buried pipelines, and other metal fea-
tures can influence the data. Power lines can also influence the
data because they create electrical noise.

TDEM soundings are ideal for locating conductive layers,
but are less effective at locating resistive layers. The method
responds to the conductivity-thickness product (conductance)
of the layer and for thin layers it may be difficult to determine
either the conductivity or the thickness of the layer accurately.

CONDUCTIVITY MEASUREMENTS USING
FREQUENCY DOMAIN ELECTROMAGNETIC
(FDEM) INSTRUMENTS

Introduction

Measuring the electrical conductivity of the subsurface can
be done relatively quickly. Several instruments are com-
monly used providing investigation depths from less than a
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meter to approximately 60 m. These measurements are used
for many purposes, including mapping soil/rock thickness,
mapping the topography of subsurface layers, and locating
fracture zones, clay beds, contaminant plumes, and prior ex-
cavations such as burial pits and buried metallic objects.
They are also used in agriculture to estimate the salinity of
the soil. This note provides a brief description of the method
along with some examples of how the method can be used.
The conductivity of common materials varies over a wide
range, as shown in Table A3.

The most commonly used FDEM instruments are man-
ufactured by Geonics Ltd. of Canada and are the EM31,
EM31-MK2, EM31-3, EM34-3, EM34-XL, and EM38.
The EM31-MK2 is similar to the EM31 but includes a data
logger incorporated into the central console. With the stan-
dard EM31, the data logger is separate. Another EM31,
called the EM31-3, is also available that has three receiver
coils at distances of 1, 2, and 3.66 m from the transmitter
coil, providing three investigation depths recorded simul-
taneously. A high-powered EM34-3 is also available,
called the EM34-XL. This improves the signal-to-noise ra-
tio by a factor of 10 at the 40-m coil separation and 4 at the
10- and 20-m coil separations. The system is useful in ar-
eas where increased cultural and/or atmospheric noise is
expected.

All of the Geonics instruments listed previously convert the
measured instrument response into “Apparent” conductivity
before logging the data. The terms Apparent conductivity or
“Terrain” conductivity are commonly used to describe the
units of measurement recorded when using these instruments.
This is because the measurement will only provide the true
conductivity of the subsurface if it is homogeneous. In other
cases where the ground is comprised of layers or other features
having different conductivities, each measurement is the com-
posite of all the contributions from each of these layers, or

TABLE A3
CONDUCTIVITY RANGES OF
COMMON MATERIALS
Conductivity
Material (mS/m)
Air 0
Distilled water 0.01
Freshwater 0.5
Seawater 3,000
Dry sand 0.01
Wet sand 0.1-1
Limestone 0.5-2
Shales 1-100
Silts 1-100
Clays 2-1,000
Granite 0.01-1
Dry salt 0.01-1
Ice 0.01
Metals infinite
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volumes, with different conductivities within the depth of in-
vestigation of the instrument.

Basic Principles of Conductivity Measurements

Figure Al14 illustrates the concept behind measuring the
electrical conductivity of the ground using EM induction
techniques. For simplicity, a buried metal tank is presented
in the drawing. The transmitter consists of a coil through
which oscillating electrical current is passed. This current
generates an oscillating EM field that penetrates the ground,
illustrated by the red lines, called the primary EM field. This
oscillating EM field then induces secondary oscillating
currents in conductive material in the ground. The greater
the conductivity of the ground the stronger will be the sec-
ondary currents.

These oscillating secondary currents also generate sec-
ondary oscillating EM fields that are detected by the receiver
coil of the instrument. The instrument then compares the sec-
ondary signals with the signal from the transmitter and pro-
duces two components, one called the in-phase signal and the
other called the out-of-phase (quadrature) signal. The out-of-
phase signal is used to calculate the apparent conductivity of
the ground and the in-phase signal is used when searching for
highly conductive objects, such as buried metal tanks and

pipes.
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FIGURE A14 Schematic showing mechanics of EM induction
method for measuring electrical conductivity of the ground.

Survey Procedures

The EM31 and EM38 require only one operator. The EM34-3
and EM34-XL require two people. The EM31-3 is cumber-
some and heavy, requiring a trailer and tow vehicle.

Each of these instruments can be used in two different
modes, one called the vertical dipole mode and the other
called the horizontal dipole mode. When planning a survey
it is important to understand the differences between the two
modes. Figure A15 illustrates the relative contributions of a
thin layer at depth (z = depth/coil separation) to the appar-
ent conductivity indicated by the instrument. The horizontal
dipole data are shown as ®y(z) and that of the vertical dipole
as Oy(z).

In the vertical dipole mode (where the plane of the coils
is parallel to the ground surface), the depth of penetration is
maximized and the influence of changes in the near surface
conductivity are minimized. In the horizontal dipole mode,
the measurements are more sensitive to changes in the near
surface conductivity, although depth of penetration is less.
There are other important differences between the two
modes, in particular the shape of the anomaly that is observed
over a vertical conductive feature, such as may be found in a
fracture zone. This is illustrated under the heading Terrain
Conductivity Surveys.

The approximate depths of investigation for the more com-
monly used instruments, in each of the two modes, is presented
Table A4.

With the EM31, EM34, and EM38 instruments, the data
are usually plotted at the mid-point between the transmitter
and receiver coils.
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FIGURE A15 Relative responses from vertical and
horizontal dipole modes when measuring electrical
conductivity of the ground.



TABLE A4
DEPTH OF INVESTIGATION
Coil Horizontal Vertical
Separation Dipole Dipole
Instrument (meters) (meters) (meters)
EM31 3.66 3 6
EM34 10 7.5 15
EM34 20 15 30
EM34 40 30 60
EM38 1 0.75 1.5

EM31 Surveys

The EM31 measures the electrical conductivity (Apparent
Conductivity or Terrain Conductivity) of the upper 3 or 6 m
of the ground, depending on the mode of use, as shown in
the table presented above. Readings can be obtained either
discretely, by pressing a button, or using a timed mode, tak-
ing readings up to twice per second with the EM31 or up to
10 readings per second with the EM31-MK2. Readings will
normally be taken along lines crossing the area of interest.
The beginning and end of these lines will need to be marked
or surveyed prior to data recording, unless a GPS system is
carried during the survey. The spatial coordinates of the data
points can be obtained by interpolation, if necessary, using
software, providing the spatial coordinates of the beginning
and end marks have been surveyed.

EM34 Surveys

Two people are needed to operate the EM34; one for the trans-
mitter coil and the other for the receiver coil. When used in the
vertical dipole mode, ideally the two coils should be coplanar
when a reading is taken. Usually, a flag is placed in the center
of the cable joining the two coils. The flag is used to align the
position at which a reading is taken. A data logger is used to
record the data. Readings are taken along lines crossing the
area of interest. The spacing between the readings and the lines
depends on the target size and depth. Conventional surveying
or GPS can determine the location of the data stations. If only
the ends of the lines are surveyed, software can be used to pro-
vide interpolated spatial positioning between the beginning
and end of each line.

EM38 Surveys

The EM38 is designed for shallow surveys down to depths of
about 1.5 m. As such, it is used to measure the conductivity of
the upper soil layers, which is then used to predict the degree
of salinity (mostly for agricultural purposes). The system is
also used in archeology, where the in-phase component can be
used to provide information about soil magnetic susceptibility.
Susceptibility is a measure of the amount of magnetic miner-
als in the soil. Readings can be taken in a timed mode or at dis-
crete stations. As with the other EM systems, lines will need
to be laid out before data recording, and spatial coordinates
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will need to be obtained, either by using differential global po-
sitional systems (DGPSs) as the survey is being recorded or by
surveying the ends of the lines and interpolating to obtain the
spatial coordinates of the data along each line.

Terrain Conductivity Surveys

To explain the value of the reconnaissance level terrain con-
ductivity surveys, two examples are shown. The first example
(Figure A16) typifies what results can be expected if the lay-
ered earth has relatively homogeneous lateral extending mate-
rials and the conductive bedrock (e.g., shale or claystone) has a
paleo-channel or dip in its surface. This bedrock feature will
manifest itself in the conductivity readings as shown in the up-
per graph because of the thicker resistive overburden. The sec-
ond example (Figure A17) shows conductivity readings taken
in the vertical dipole mode over a vertical electrically conduc-
tive feature, such as a fracture zone.
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FIGURE A16 Conductivity readings taken over a
conductive shale layer.
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FIGURE A17 Example of the measured conductivity over a
vertical conductive feature when taking readings in the vertical
dipole mode.
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In this mode, the anomaly shape over a vertical or subver-
tical, an electrically conductive feature such as a fracture zone
is very distinctive and can be used to locate such zones. The
characteristic shape of the anomaly expected over such a fea-
ture is shown in Figure A17. Conductivity measurements
taken over this feature in the horizontal dipole mode would
not show these diagnostic features.

When using this method to locate vertical conductive fea-
tures, it is important to provide sufficient spatial data density
such that the anomaly shape is well defined, otherwise the
anomaly may be difficult to recognize.

Method Limitations

If the ground has a low electrical conductivity, then the
transmitter can induce only very small electrical currents
into the ground. This means that only small secondary elec-
tromagnetic fields will be generated, resulting in small
voltages being measured by the receiver coil. Thus, the in-
ductive method of measuring conductivity is not particularly
suited to low conductivity (resistive) areas. Different inves-
tigation depths can be achieved by using different modes
and coil separations. However, these investigation depths
are only approximate. Although soundings can be conducted
by taking readings at different orientations and with several
instruments, layer depth and conductivity (or resistivity) in-
terpretations are only approximate. Other methods, such as
resistivity soundings, need to be conducted if layer resistiv-
ities and their depths are needed.

References 3 and 7-10.

MAGNETIC SURVEYS

Introduction

Magnetic surveys are conducted to evaluate geology, locate
lava tubes in igneous rocks, find buried metal objects such as
underground storage tanks (USTs) and pipelines, and locate
unexploded ordnance (UXO).

The depth of investigation varies widely, depending on
the target. Geologic structure can be determined to depths of
many thousands of feet. USTs, pipelines, and UXO targets
are usually shallow. The method will probably only locate
shallow lava tubes.

Basic Principles of the Magnetic Method

The Earth’s magnetic field is a vector quantity and has there-
fore a direction and a magnitude. The shape of this field is
that which would be produced if a large magnet were placed
inside the Earth. Superimposed on this field are time varying
fluctuations resulting from electrical activity in the iono-
sphere, usually caused by solar flares.

The Earth’s magnetic field induces a secondary magnetic
field in ferromagnetic objects or geological structures that
contains magnetite or other minerals that are magnetizable.
This secondary magnetic field then “disturbs” the magnetic
field of the earth creating an anomaly that can be detected
with a magnetometer. Most magnetometers measure the
magnitude of the magnetic field and can do so several times
per second.

Figure A18 presents a schematic illustrating the magnetic
field from a cylindrical ferromagnetic object. In this figure
the Earth’s field magnitude has been removed leaving only
the magnitude of the field owing to the ferromagnetic cylin-
der, often called the magnitude of the anomalous field.

Because the magnitude of Earth’s magnetic field changes
with time, generally with daily cycles called Diurnal changes,
these changes have to be removed from the field data. To do
this, a base station is usually set up at a site near the survey
area where magnetic anomalies are minimal. This instrument
then records the magnitude of the magnetic field at regular in-
tervals, say every minute. This allows the oscillations in the
magnetic field to be removed from the survey data during pro-
cessing.

In addition to induced magnetization, remnant magneti-
zation can also produce anomalies. Remnant magnetization
occurs in geologic materials, usually volcanic and igneous
rocks, which originate as hot fluid lava and then cool before
eventually solidifying. When the lava, or igneous material,
cools below a temperature called the Curie point, the mag-
netic domains in the rock (usually magnetite) are oriented in
the direction of the existing magnetic field at that time. Be-
cause the direction of the Earth’s magnetic field changes over
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FIGURE A18 Magnitude of anomalous magnetic field
created by a ferromagnetic cylinder in presence of the
Earth’s field.



geologic time, the remnant magnetic field can have a direc-
tion that is different from that produced by induction with the
present Earth’s magnetic field.

Field Data Recording

Magnetic surveys are conducted by first setting up a base
station, as described previously. The survey is then con-
ducted by walking across the area of interest while the mag-
netometer records data, usually at several times per second.
The data are stored in solid state memory in the instrument.
To position the data some magnetometers can be assembled
with DGPSs, allowing the spatial coordinates to be acquired
simultaneously with the magnetic data. Conventional or
GPS surveying of the ends of the lines may be required if
DGPS data are not acquired with the magnetometer data.
Linear interpolation methods can then be used to assign spa-
tial coordinates to the data.

Interpretation

Magnetic data can be interpreted using computer software to
model the anomalies. Generally, an initial model is devel-
oped for the source of the anomaly and the program then cal-
culates the anomaly resulting from this source. The program
then modifies the depth and geometry of the source and re-
calculates the anomaly. It does this until a reasonable fit is
obtained between the field and model data. This process is
called inversion.

Another interpretation method is to calculate a function
called the Analytic Signal from the field data. Figure A19 il-
lustrates this function for a cylindrical source along with the
magnitude of the field (Anomaly Magnitude). Because the
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FIGURE A19 Anomaly magnitude and analytic signal
over a ferromagnetic object.
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Analytic Signal peaks over the top of the source, the location
of the source is easier to position than it is from the anomaly
magnitude data. In addition, the amplitude of the Analytic
Signal is related to the susceptibility of the source and the
width is related to the depth to the top of the source.

Method Limitations

The magnetic method only detects objects composed of ferro-
magnetic materials, and not metals such as copper, stainless
steel, or aluminum. In interpreting magnetic data for geologic
targets, there are generally several different solutions that can
provide a theoretical fit of the field and model data, therefore
each interpreted source is not necessarily unique. Such an inter-
pretation is often called a “permissive” interpretation. This
means that it is a valid theoretical interpretation but may be one
of several possibilities. Nonunique interpretations are much less
of a problem when searching for buried ferromagnetic objects.

During severe magnetic storms, when the time varying
magnetic field changes are significant, it may not be feasible
to record field data.

References 1-3, 8, and 10.

SPECTRAL ANALYSIS OF SURFACE WAVES
(SASW)

Introduction

The SASW method provides bulk estimates of shear wave ve-
locities of the subsurface. By taking measurements with an
expanding geophone array a vertical profile can be developed
showing the variation in shear wave velocity with depth.

Basic Principles of the SASW Method

The basis of the SASW method is the phenomenon that
Rayleigh waves have phase velocities that depend on their
wavelength, called dispersion, when traveling through a lay-
ered medium. Rayleigh wave velocity depends on the mate-
rial properties of the subsurface to a depth of approximately
1 wavelength. These properties are primarily the shear wave
velocity, but also the compression wave velocity and the
material density. Figure A20 shows the variation of particle
motion with depth and illustrates that longer wavelengths
penetrate to greater depths.

Survey Procedures

SASW testing consists of measuring the surface wave dis-
persion curve and interpreting it to obtain the corresponding
shear wave one dimensional vertical velocity profile. The
dispersion curve is the variation of phase velocity of the fun-
damental mode Rayleigh wave with frequency. There are



60

Material Short Longer
profile wavelength, wavelength,
R1 7\’R2

FIGURE A20 Schematic showing the variation of
Rayleigh wave particle motion with depth.

two main methods used in surface wave exploration. The
most common is called SASW testing, which uses two geo-
phones. The other method, which uses a linear array of geo-
phones, is generally called array methods, or Multichannel
Analysis of Surface Waves (MASW). The field setup for the
SASW method is shown in Figure A21.

A dynamic source is used to generate surface waves of dif-
ferent wavelengths (frequencies). This can be done using small
sources such as a hammer or large sources such as a dozer.
These waves are monitored using two or more receivers, as il-
lustrated in Figure A21.

An expanding receiver array is used to avoid near-field
effects associated with Rayleigh waves and source—receiver
geometry is optimized to minimize body wave signal.

Dynamic signal analyzer 1
with disk drive
: - e il
Vertical dynamic source: / -
forward configuration / reverse configuration

dy-for ' 4y

dq - rev

FIGURE A21 Field setup for the SASW method.

Microtremor surface wave techniques are also becom-
ing more widely used. Passive sources typically can see
deeper than active sources. MASW used in addition to Mi-
crotremor can be used to obtain both shallow and deeper
interpretations.

Method Limitations

The depth of penetration is determined by the longest wave-
lengths in the data. Generally, heavier sources generate longer
wavelengths. Also, the depth of penetration and resolution are
heavily site dependent. Cultural noise at a site may limit the
signal/noise ratio at low frequencies. The field setup requires
a distance between the source and most distant receiver of two
to three times the maximum penetration depth.

References 7, 8, 10, and 11.
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NCHRP SYNTHESIS 36-08
USE OF GEOPHYSICS FOR TRANSPORTATION PROJECTS

PLEASE RETURN COMPLETED SURVEY BY FRIDAY, MARCH 18, 2005

PURPOSE OF THIS SYNTHESIS

State departments of transportation (DOTs) are, in general, increasing the utilization of
geophysics as an effective technology to complement geotechnical engineering design
and construction needs on transportation projects. It is generally accepted that state-of-
the-practice geophysical surveys are well suited to assist state and federal highway
agencies with their programs. However, a preliminary inventory regarding application of
geophysics within these agencies indicates that many still do not use the available
technology at all, whereas others utilize geophysics on a routine basis.

The focus of the synthesis will be on use of existing/proven geophysical technologies and
the beneficial experience gained from the application of geophysics to highway projects.
Information will be obtained from the state DOTs, as well as from federal transportation
agencies.

We estimate it will take about 30 to 45 minutes to complete this questionnaire. The
purpose of the questionnaire is to collect specific information on the use of geophysical
survey practice from primarily state DOTs, but also federal and other agencies that
support transportation programs (e.g., FHWA, FAA, FRA, Corps of Engineers, toll and
turnpike agencies, etc.). Additionally, any respondent who believes that they have a
geophysical project that would make a good case study to illustrate a particularly
successful—or unsuccessful—geophysical survey is invited to indicate their
willingness to contribute detailed information about the project. Interested
individuals/agencies will be contacted directly by the researcher to obtain the specific
case study information.

The results of this synthesis will be shared and distributed through AASHTO, FHWA,
TRB, and others, with the goal of assisting in the development and implementation of
training materials, assistance programs, and cooperative efforts between agencies for the
successful use of geophysics.

[ want to thank you in advance for your support on this project. It is not often that the
geophysical industry gets the opportunity to do substantive research with the
practitioners, you the highway engineer, as to the institutional use of a technology. We
believe it is increasingly important to identify the usefulness and limitations of the
current state of the practice for the application of geophysics in transportation



investigations. Clearly, the results of this synthesis will furnish a means to disseminate
benefits, limitations, and general experiences in a meaningful fashion.

NOTES FOR COMPLETING THE SURVEY
PLEASE COMPLETE AND RETURN THIS QUESTIONNAIRE BY MARCH 18.

RETURN TO:

Phil C. Sirles Phone: 720-934-2901
Sirles Consulting, LLC Fax: 720-962-4444
10183 W. Maryland Drive E-mail: psirles@comcast.net

Denver, CO 80232

We request a copy of this survey be given to to all departments within your agency that
have experience with geophysical surveys for geotechnical applications. Multiple
responses from a single agency are welcomed and encouraged. It would be advantageous
to provide a copy to the individual(s) within the agency who has the most experience and
familiarity with the application of geophysics to projects. In responding to all of the
questions, if you do not have exact information or if it would be very difficult to obtain,
please feel free to estimate the approximate answer and indicate that it is an estimate. It
is better to have a qualified estimate than no information at all.

BACKGROUND INFORMATION AND DEFINITIONS

The use of geophysics in relation to highway projects involves the use of nondestructive
physical methods to study earth materials. It has been shown that geophysics, when
applied properly to transportation projects, has the potential to save money and time.
Some of these benefits are realized in better site characterization, quick data acquisition
and processing, and less harm to the environment. However, success of this technology
hinges on correct application.

Geophysics, in the broadest sense, encompasses the assessment of both earth and man-
made materials with noninvasive techniques. The purpose of using geophysics, as
defined for this synthesis, is to identify and characterize physical properties of subsurface
earth materials in a manner that benefits highway programs. Often its use is driven by
project budget, site accessibility, environmental sensitivity, or experience and confidence
in the technology. With this broad capacity for the use of geophysics, it is clearly
important that this synthesis focus on the obvious applications, the most practical
approaches, and the most effective technologies that benefit the engineer.

It is necessary that Synthesis Topic 36-08 be confined in scope to determine how
geophysics has been used by civil and geotechnical engineers in design and construction
activities, with the emphasis focused on geotechnical issues as they relate to natural
and artificial foundations. That is, the material upon which a structure is built. For the
purpose of this Synthesis, testing of structures and structure foundations (i.e., piles and
footings) are excluded. However, three questions relating to nondestructive testing
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(NDT) are included at the end of Part 1 to assess the current scope of its use. It is clear
that transportation agencies are implementing innovative NDT technologies for
evaluation of structures. It is anticipated that another synthesis, with a similar objective
and relevance to this topic, may be needed to address the use of NDT for applications that
traditional geophysics do not include (e.g., CSL for drilled shaft foundation testing or
GPR for bridge deck assessment, etc.).

RESPONDENT INFORMATION
Agency/organization name:
State:
Country:
[ ]JUsA
[ | Other country—Please specify:
Complete mailing address:
Point of contact name: Point of contact phone:
Point of contact fax: Point of contact e-mail address:
Type of transportation agency/organization:
[ | Federal agency
[] State/provincial agency
[] County agency
[ ] Municipal agency
[ ] Private organization
[] Toll and turnpike authority
If private, what type?
] A/E engineering firm
] Geophysical consulting service company
[ | Professional or trade organization
[ | Other private organization—Please specify:
Involvement with geophysical surveys:
[] Primary business activity or program
[ Major portion of routine annual activity or program
[ Minor portion of routine annual activity or program

[] Occasional geophysical projects



Do you have a case study that you would be willing to share specific detailed project
information that would illustrate an important “Application” or “Lesson Learned” by
your organization?

[ Yes [JNo

If the answer to the above question is “Yes™:
What was the name of the project?
Provide the name and phone number of the person to contact:

In a few words, describe the “Application” or “Lesson Learned.”

QUESTIONNAIRE

Please answer the questions in the following 5 sections (Parts 1 through 5) to the best of
your knowledge. If providing an exact answer will require more time then you can allow,
please furnish your best estimate. If you have questions on the proper interpretation of a
question or the questionnaire as a whole, please e-mail the researcher at
psirles@comcast.net. There is space at the end of this questionnaire for your comments and
thoughts that might not have been included or covered within the 5 parts of the survey
or by the specific questions themselves. If different personnel are more appropriate to
answer questions from different parts of the survey, please facilitate the distribution and
submission of the survey. We greatly appreciate your time and support on this
synthesis project.

PART 1—GENERAL

1. How long have you been involved with the implementation of geophysical
surveys for geotechnical applications? years

2. Who, in our organization, implements the use geophysics? (Check all boxes that
apply.)

[_] Geotechnical engineers
[] Civil engineers
[] Structural engineers
[] Pavement engineers
[] Geologists
[_] Hydrologists
[_] Other—Please specify:
3. At this time, what percentage of your geophysical surveys are conducted with:

In-house capability? %
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10.

I1.

12.

RFP/open solicitation contracting? %
1Q-type, open-ended contracts? %

Do you have any specific training program for engineers to be introduced to and
on the use of geophysics?

[]Yes [ ] No

If the answer to Question 4 is “Yes,” what is the type of training?
Venue? (e.g., in-house, conference, tech updates, etc.)

Who attends?

How often?

Paid through? (i.e., departmental, divisional, functional funds)
Rough cost?

Are you aware of the web-based FHWA Geophysical Manual, Application of
Geophysical Methods to Highway Related Problems (Report FHWA-IF-04-021,
URL: http://www.cflhd.gov/agm/)?

[]Yes [ ] No

Does your office or agency have the 716-page hardcopy version of the FHWA
publication (Report FHWA-IF-04-021)?

[ ] Yes [ ] No [] Don’t know

Does your office or agency have the CD-searchable PDF version of the FHWA
publication (Report FHWA-IF-04-021)?

[ ]Yes [ ]No [ ] Don’t know

Have you or any of your staff used either the web-based manual, hardcopy, or CD
version of the publication referenced in Question 67

[ ]Yes [ ]No [ ] Don’t know
If “Yes,” which version: [ _| Web-based [] Hardcopy [ ]cD

Are you aware of the FHWA geophysical website
http://www.thwa.dot.gov/bridge/geophys.htm that provides information on
international conferences on geophysics and other related geophysics topics?

D Yes |:| No

Have you or any of your staff used the FHWA informational website referenced
in Question 10?

[ ]Yes [ ]No [ ] Don’t know

What is the typical number of geophysical surveys conducted for/by your agency
each year?

Approximately



13.

Has your level-of-effort increased over the last 5 years for applying geophysics on
your transportation projects?

D Yes |:| No
If “Yes,” by what percent?
[ []1<25% [[]25-50%
[ 150-75% [1>75% [] Other: %

[Note: For Questions 14 and 15, the definition of “successful” or “unsuccessful” project
purely relates to having met or not met the objective of the geophysical survey as
specified in the scope of work. That is, success or failure does not relate to budget issues,
conflicts with the contractor(s), timeliness of report delivery, or format of interpreted
results.]

14.

15.

16.

How do you rate your personal experience with the application of geophysical
methods? (Check only one box.)

] Excellent—I intend to utilize it as the opportunities present themselves.

[] Good—I have had successful project completion—will use it again.

[] Fair—I have had unsuccessful projects—will utilize when necessary.

[] Poor—I have had serious problems completing successful projects—will
utilize it in a skeptical or reluctant fashion.

[ ] Unacceptable—TI only use it as a last resort or alternative.

[ ] Not applicable—I do not use geophysics (answer Question 14 and skip to end
of survey).

How do you rate your organization’s experience with the application of
geophysical methods? (Check only one box.)

] Excellent—we intend to utilize it as the opportunities present themselves.

[] Good—we have had successful project completion—will use it again.

[_] Fair—we have had unsuccessful projects—will utilize when necessary.

[ ] Poor—we have had serious problems completing successful projects—will
utilize it in a skeptical or reluctant fashion.

[_] Unacceptable—we only use it as a last resort or alternative.

[_] Not applicable—we do not use geophysics (skip to end of survey).

What do you or what might your organization feel is the greatest value geophysics
lends to transportation projects? (Check the boxes that apply.)

[ ] Cost—benefit
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17.

[ | Speed of data acquisition

[ ] Timeliness of results

[| Better characterization of the subsurface (than drilling and sampling)
[ ]2D and 3D assessments of subsurface

[ ] Presentation of the results

] Other—Please specify:

Conversely, what do you or what might your organization feel is the greatest
deterrent to utilizing geophysics on transportation projects? (Check the boxes that

apply.)

[] Costs

[ Acquisition issues and access

[ ] Timeliness of results

[ ] More questions generated regarding the subsurface (than obtained through
drilling and sampling)

] Non-uniqueness or low accuracy of results (by engineering standards)

| Format of the results (e.g., non-engineering standards)

[] Lack of knowledge/understanding of the technology

[ | Lack of confidence in the technology

[ ] Other—Please specify:

[Note: The following three (3) questions relate to the use of NDT methods—they are the
only NDT questions. The responses to these three questions will serve to determine if
there is a need for a similar synthesis regarding the use of NDT methods for
transportation projects.]

18.

19.

20.

Do you understand the difference, as defined for this synthesis (on page 2 of this
appendix), between the use of geophysical surveys for geotechnical applications
and NDT methods for evaluating structures?

|:| Yes D No

What is the typical number of NDT surveys conducted for/by your agency each
year?

Approximately [ ] Don’t know [ ] Too many to count
Please indicate where NDT applications were used (in the last 5 years):
[ ] Pavement condition [ ] Concrete condition

[] Bridge superstructure [] Bridge substructure
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[ ] Baseline measurements [] Construction QA/QC
[] Other applications—Please describe:

PART 2—METHODS AND APPLICATIONS

21. Check all of the following geophysical methods, as well as the specific techniques
you have applied on your projects (within the last 5 years):

a. [ ] Seismic
[ ] Refraction
[ ] Reflection
[ ] SASW/MASW
[] Crosshole or downhole (including VSP)
[] SeisOpt ReMi
[] Not sure of seismic technique used

[] Other—Please specify method:

b. [] Electrical
[] 1D resistivity soundings (c.g., VES)
[] 2D resistivity profiling (e.g., Dipole/Dipole, Wenner, etc.)
[ ] 3D resistivity imaging (e.g., pole-Dipole, etc.)
[ ] Electrical resistivity tomography (i.e., crosswell ERT)
[] Induced polarization (i.c., IP)
[] Self-potential (i.c., SP)
[ ] Mise-a-la-mass
[ ] Not sure of electrical technique used
c¢. [] Electromagnetic
[ ] Time-domain EM
[ ] metal detection (e.g., utilities, UST, UXO, etc.)
[] 1D soundings for soil/rock stratigraphy
[] Frequency-domain EM (i.e., geologic profiling)
[ ] Very low frequency (VLF)
[ ] Seismoelectric

[] Not sure of EM technique used
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d. [] Ground penetrating radar (GPR)
[] Bedrock mapping
[] Soil mapping
[ ] Bedrock fracture mapping
e. ] Magnetic
[] Total-field
[ ] Gradiometer
[ ] Not sure of Mag technique used
f. [] Gravity
] MicroGravity
[] Standard gravity
[ ] Not sure of gravity technique used
g. []Borehole logging
[] Electrical (SP, Resistivity, E-Logs)
[ ] EM induction
[ ] Nuclear (i.e., gamma—gamma, neutron, etc.)
[ ] Optical (e.g., televiewer)
] Acoustic (e.g., sonic, variable density, televiewer)
] Seismic (i.e., P/S Logger)
[ ] Hydrophysical (e.g., fluid column or fluid replacement)
[ ] Borehole deviation
h. [_] Marine
[ ] Fathometer
[ ] Sonar
[ ]GPR
[] Sub-bottom profiling (i.e., seismic)
i. [ ] Airborne
[] Magnetics
] Gravity
[] Electromagnetics (EM)
j. L] Vibration measurements
] Blasting
] Construction (e.g., pile driving)
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23.
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k. [[] Other geophysical method: Please specify technique:

1. [] None of the above—Go directly to end of survey (do not collect $200!).

What are the three (3) most commonly used geophysical methods used by your
agency?

D
2)
3)

Check all of the following applications that you have applied geophysics on your
projects (within the last 5 years):

[] Depth to bedrock
[] Topography of bedrock
[] Faulting in bedrock
[ ] Fractures in bedrock
[ ] Mapping bedrock strength (i.e., rippability)
[] Mapping weak zones in bedrock (e.g., shear zones or weathered areas)
] Mapping lithology in overburden soils
[ ] Mapping lithology in bedrock
[_] Mapping sand and/or gravel deposits (i.e., borrow investigations)
[_] Mapping clay (i.c., excavation issues for expansive or swelling clays)
[ ] Estimating clay content
[ ] Mapping groundwater salinity
[] Mapping groundwater table
[] Mapping groundwater flow
[ ] Mapping landslides:
[ ] volume assessment
[ slip surface identification/definition
[] pre-slide measurements
[] post-slide measurements
[ ] Determining engineering properties (i.c., elastic constants) of:
[ ] overburden soils
[ ] rock formations

[_] Mapping roadway subsidence due to:
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24,

25.

[ natural karst (limestone features)
[] dissolution cavities (evaporite features)
[ ] culvert/sewer failure
[ fill degradation/compaction
[ ] unknown sinkholes
[ ] abandoned mines
[ | Mapping buried man-made features
[ ] utilities
[ ] old foundations
[] underground storage tanks (USTs)
[] mapping contamination (e.g., plumes)
[ ] unexploded ordnance (UXO)
[ | Scour around bridge piers or other foundations
[ ] Others—Please describe:

What are the three (3) most common applications where geophysics is used by
your agency?

1))

2)

3)

What is the overall approach to selection of the appropriate geophysical method?
[ ] Contractor specifications or recommendations

[ | In-house geophysicist (or experienced geo-professional) recommendations
| Highway engineer specified (geotechnical or civil)

[ | Experience (simply put—what worked in the past)

] Only known method

[ ] ASTM or AASHTO specifications/guidelines/standards

[ | No formal survey design approach

[ ] Individual or organizational preferences. Please briefly describe the rationale

or basis for preference:
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27.
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Who approves the selection of the appropriate geophysical method? (Check all
that apply.)

[] Contractor [_] In-house geophysicist
[ ] Highway engineer [] Project manager
[] Program manager [] Division/branch manager

[] Contracting/procurement

[] Other—Please specify:

Comments regarding other experience related to geophysical methods and/or its
application:

PART 3—BUDGETS AND COSTS

28.

29.

30.

31.

Do you make decisions regarding the budget for a geophysical (annual) program?

D Yes |:| No

Do you, or can you, make decisions regarding the budget for geophysics on a
specific project basis?

D Yes |:| No

Who makes the decisions regarding the budgets related to the use of geophysics?
[] Agency head

[] Division/branch manager

[] Team leader/project manager

[] Staff highway engineer

What is the size of the annual budget allocated to geophysical surveys for your
agency?

[[]>$100,000 []<$100,000 to $50,000
[]<$50,000 [] None*

*If there are no funds budgeted or allocated for geophysics, how much money is
spent annually from “other” funding sources on geophysics (e.g., reduced drilling
and sampling budgets, design or construction funds)?

[]>$500,000 [[]>$100,000
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32.

33.

34,

35.

36.

37.

38.

39.

40.

[1<$100,000 [1<$50,000

How much money is spent annually from allocated funds on geophysics?
[1>$500,000 [1>$100,000

[ ]<$100,000 [ ]<$50,000 [] Different every year

Can you predict how much money will be spent this year on geophysical surveys?
[1>$500,000 [ 1>$100,000

[ ]<$100,000 []<$50,000 [ ] No way to estimate

Who spends the (allocated) budget, and what percentage of it?

[ ] Design branch %
g
[ ] Construction branch %
[_] Emergency response team %
[ ] Other—Please specify: %
pecify

Do you have research funds allocated or budgeted annually for geophysical
investigations?

D Yes |:| No
If “Yes,” please estimate amount: $

Do you utilize research institutions or professional contractors to carry out
research on geophysical investigations?

[] University/college [ ] Contractors [ ] Other:

Do you annually allocate or budget emergency (repair) funds for geophysical
investigations?

D Yes |:| No
If yes, please estimate amount: §

Do the costs related to the use of geophysics hinder or help its use among your
highway engineering staft?

[ ] Hinder ] Help

Do you only utilize standard, proven, or state-of-the-practice geophysical
methods?

[]Yes [ No [] Don’t use geophysical methods

If the answer to Question 39 is “Yes,” what is the rationale for not utilizing
leading-edge or state-of-the-art geophysical methods?
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42.

[ ] Cost [] Skepticism [ Lack of management buy in
[] Other—Please specify:

What is the typical range of cost for a geophysical project, and number per year at
that cost level?

[]>$100,000 /yr
[ $75,000-$100,000 Jyr
[] $50,000-$75,000 Jyr
[] $25,000-$50,000 Iyr
[]$10,000-$25,000 Jyr
[]<$10,000 Iyr
[ ] Other: $ Iyr

Comments regarding other experiences on geophysical budgets and/or costs:

PART 4—CONTRACTING

43.

44,

45.

46.

47.

Who writes the Scope of Work for the RFPs and how are they prepared?
Who:
How:

How does geophysics get “incorporated” into a geotechnical project; that is, how
do you identify which projects should use geophysics?

Do you utilize in-house or contract geophysicists?

[ ]In-house [ ] Contractor [ ] Both

If you self-perform geophysical surveys, do you own or rent the equipment?
[ ] Rent [ ] Own* [ ]Both

*If in-house capability—what equipment do you own? (Please list all.)

If you self-perform in-house geophysical surveys, do you own or rent the software
for data reduction/presentation?

[ ] Rent [ ] Own* [ ]Both

75



76

48.

49.

50.

51.

52.

*If in-house capability—what software do you own? (Please list all.)

When requesting to contract geophysics, please indicate what type of RFP
solicitation is used at your agency, and then rank the methods (1 being highest—8
being the lowest): Rank

[ ] Web solicitation (electronic)

[] Open competition (non-electronic)

[_] Open solicitation (pre-qualified bidder list)

[ ] Referrals (from other state or federal agencies)
[_] Limited solicitation (prior utilized contractors)
[ ] Sole-sourced solicitation

[ ] All of the above

[] Other method—Please specify and rank:

Do you utilize larger, indefinite delivery/indefinite quantity (ID/1Q), or “On-Call”
contract vehicles?

[]Yes [ ] No
If “Yes,” please specify the typical size and length of contract(s) awarded;

$ for years; also the number of contractors:

What is the typical type of contract?

[ ] Unit price-low bid [ ] Lump sum/firm fixed price
[] Cost plus [ ] Indefinite delivery/indefinite quantity
[] Time and materials [] Other—Please specify:

Have you awarded academic institutions contracts to perform “run-of-the-mill”
geophysical investigations for instructional purposes or in support of cooperative
arrangements?

[ ]Yes [ ]No

Have you awarded academic institutions contracts to perform “run-of-the-mill”
geophysical investigations because they offered best value (price)?

[]Yes [ ] No
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54.

55.

56.

57.

Have you utilized academic institutions to perform cutting-edge technology (i.e.,
advanced applications or methods)?

[]Yes [ ] No

Have you utilized professional contractors to perform cutting-edge technology
(i.e., advanced applications or methods and research-type investigations)?

|:| Yes |:| No

What could be done that would make you or your agency feel more comfortable
contracting geophysical surveys?

Training/knowledge? [[]Yes [ ]No
Experience? []Yes [ ]No
Easy-to-use equipment? []Yes [ 1No
User-friendly software? []Yes [ ]No

Familiarity with ASTM/AASHTO/FHWA standards or guidelines for geophysical
practices?

[[]Yes [ ] No
Database of “qualified” geophysical service providers? []Yes 1 No

Based on your answer(s) to Question 55, what would give you the confidence to
use geophysics more frequently on your geotechnical projects?

Comments regarding other experiences on contracting geophysical service
providers:

PART 5—CASE HISTORIES/PROJECT EXAMPLES

38.

59.

60.

Without specifics, can you state the number of successful geophysical projects
you have had in the past 5 years? [Note: A “successful” geophysical
project is defined as one that met the objectives of the investigation.]

Without specifics, can you state the number of unsuccessful geophysical projects
you have had in the past 5 years? [Note: An “unsuccessful” geophysical
project is defined as one that did not meet the objectives of the investigation. |

Are there any general comments regarding the successes (Question 58) and the
failures (Question 59) experienced by your agency? (For example: a particular
method that just will not work in your geographic/geologic setting; a particular
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61.

62.

63.

approach to the projects that might predetermine success or failure; or, just plain
unknown factors.) Your comments:

As requested in Part 1, the technical panel and researchers are very interested in
obtaining case history documentation of successful-—and unsuccessful—
geophysical projects on highway-related problems. If you have project
experience, would you be willing to share the specific information regarding the
approach, the scope of work, the field methods, data reduction procedures,
interpretations, and final outcome with respect to budget and costs?

[]Yes [ ]No

If “Yes,” would you identify the engineer whom the researcher could contact
directly to obtain the necessary information to develop a relatively good
cost/benefit assessment of that project? Please provide

Full name: Phone number:

Similar to Question 61, we would like to obtain sample scope of works and
sample approaches to successful geophysical projects (not necessarily the full
case history). Would you be willing to share this type of specific information
from previous projects with the researcher?

[]Yes [ ]No

If “Yes,” would you identify the engineer whom the researcher could contact
directly to obtain the necessary information? Please provide

Full name: Phone number:

One of the objectives of this synthesis is to identify future research needs as you
the highway engineer sees a need for them (i.e., not the geophysicists). Would
you comment below on the areas you see important to either continue developing
existing technologies or to pursue “out-of-the-box methodologies that will aid in
transportation engineering?

CLOSING COMMENTS

If there is anything that you would like to add that was not covered in this questionnaire
that you feel would benefit this synthesis study, please provide your comments below.
Your comments will be greatly appreciated!

THANK YOU FOR SUPPORTING THIS IMPORTANT EFFORT
PLEASE RESPOND BY FRIDAY, MARCH 18, 2005



APPENDIX C
Survey Results
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AGENCY RESPONSE TO THE USE OF GEOPHYSICS

WHAT IS THE TYPE OF TRANSPORTATION
AGENCY/ORGANIZATION?

100

(Same as Figure 2)

90 4 N=58 95 O Federal Agency L
80 - [ State/Provincial Agency
O County Agency

70 O Municipal Agency i
£ 60 O Private Organization N
g 50 - OToll and Turnpike Authority H
& 40 - [ONo Response L

30

20

10 3 0 2 0 0

0- —

IF PRIVATE, WHAT TYPE?

100
90 N=58
80 O A/E Engineering Firm
70 H O Geophysical Consulting
Company
« 601 O Professional or Trade
8 50 H Organization
o O Other Private Organization
o 40 H
@ State/Provincial Agency
30 1
20
10
0 0 0 0
0

WHAT IS YOUR INVOLVEMENT WITH GEOPHYSICAL
INVESTIGATIONS?

(Same as Figure 3)

100
N=59
90
O Primary
80 1 g Major
70 -— @ Minor 68
. 60 - @ Occasional
c
§ 50 0O No Response
(3]
. 40
30
23
20
10 3 3 3
0

DO YOU HAVE A CASE STUDY TO SHARE?

PART 1—GENERAL

100
N=58 O Yes
90 O No
80 O No Response ||
70
58
= 60
[
© 50
[
o 40 35
30
20
10 7
0

#1 How Long Have You Been Involved with the
Implementation of Geophysics for Geotechnical
Applications?

100 N58
90 +— O<1 Year -
80 [01to5 Years a
70 06 to 10 Years |
- 010 to 15 Years
§ 60 [ 16 to 20 Years
g_"; 50 [ 21 or More Years [
40 [0 No Response H
30 19
20 . 17 16 t4 17 .
- il
0

[=]
o

#2 Who in Your Organization Implements the Use of
Geophysics?

N=133
50 47
(2]
S 401+
(7]
2
S 30—
o
8 20
10—
' 2
0
O Geotechnical Engineers O Civil Engineers
O Structural Engineers O Pavement Engineers
E Geologists E Hydrologists
@ Other O No Response
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Percent

Percent

#3 What Percent of Geophysical Investigations are
Conducted by In-House, RFP, and/or 1Q Contracts?

2]
o

a
o

In-House RFP 1Q

=
o

N=31 N=40 N=17

[
o

N
o

14

13 13

= 7
’ o]0
oam

|_|:| 100-76% [75-51% [E50-26% M 25-1% [0 No Response

100
90
80
70
60
50
40
30
20
10

150
100
50
0

#4 Is Specific Training Offered to Staff on Geophysics?

93%

N=58 OYes

ENo

[ONo Response I

970 2%

#5 If #4 is Yes, Provide Information about the Training?

1 1 1 1 1

O Conferences, In-House, Consultants

O Engineers, Geophysicists, Contractors, Students,
Professors, Geologists

O 2-3 per year
@ Division Conference Funds
@ Department

O #4 is No

81

#6 Are You Aware of the FHWA (Web-based)
Geophysical Manual?

100
N=58
20 OYes |
ENo
80 [ONo Response ||
69
70
‘q:'; 60
© 50
(]
e 40
30
20
10 3
0
#7 Does Your Office or Agency Have a Hardcopy of the
FHWA Geophysical Manual?
100
N=59
90 OYes N
80 EONo -
70 ODon't Know
OO No Response
£ 60
[]
£ 50
4
40
30
20 15
10 2
0
#8 Does Your Office or Agency Have the CD Searchable
PDF-version of the FHWA Publication?
100
N=58
90 O Yes ]
80 @ No -
70 ODon't Know | |
62 O No Response
«~ 60
3
o 50
(]
2 40
30
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Percent

Percent

Percent

Percent

#9 Have You or Your Staff Used the Geophysical
Manual? If So, What Format?

100
% N=59 N=44 OYes i
7] ENo
80 S ODon't Know
70 15 [O0No Response ]
60 o OWeb-based |
50 49 2 @ Hardcopy
OcDh
40 36
307 24
]
20—
10 14
10 1+— 3
0
#10 Are You Aware of the FHWA
Geophysical Manual Website that Provides Information
on Geophysical Conferences?
100
N=58
90 OYes 1
80 EONo H
70 [ONo Response ||
60
50
50 47
40
30
20
10 3
0
#11 Have You or Your Staff Used the FHWA Website?
100
N=58
90 O Yes -
O No
80 @ Don’t Know
70 0 No Response ||
60
50 3
40
29
30
20
10
0

#12 What is the Typical Number of Geophysical
Investigations Conducted by Your Agency Each Year?

(Same as Figure 4)

100

90{N=58 o< o

O6to 10

70 56 mi1to15

60 ©16 to 20 —
50 m21or> —
40 ONo Response | |
30

20 ° 13 10

10 5 5 3

ol |

Percent

#13 Has the Level of Effort Increased for Applying
Geophysics on Transportation Projects over the Past

Five Years, and, By What Percent?

(Same as Figure 5)

100 N=58 N=34
90 OYes ]
80 - @ No B
= 70 59 = O No Response [
(= (7]
g 60 k= 0<25% —
S 50 9 O25t050% ||
40 38 3 @50 to 75%
30 = m>75%
20 13
10 - 5 8
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#14 Rate Your Personal Experience
Using Geophysical Methods
100
00 129 O Excellent L
@ Good
80 O Fair B
= 70 O Poor B
8 60 O Unacceptable —
e 50 44 E Not Applicable| |
[0 No Response
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30
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10 8 5 4
0 —'—I 0 —

#15 Rate Your Organizations’ Experience Using

Geophysical Methods

100
g0 | N=59 D Excellent i
80 @ Good |
70 OFair |
OPoor

60 E Unacceptable ]
50 46 [ Not Applicable -
40 [ONo Response ||
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8 7
10 -
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Assessments

#16 ldentify the Greatest Value Geophysics Lends to
Your Transportation Projects

(Same as Figure 6)

N=162
No Response
Other 7% 1% Data Acquisition
Results  1go ‘ 21%  Speed
Presentation \‘
Other 10% »
U 19% Cost_
Benefit

3D Subsurface \ /
15% \//

Better Subsurface
Characterization

17%

#17 What is the Greatest Deterrent to Using Geophysics
on Transportation Project?
(Same as Figure 7)
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O Cost @ Acquisition Issues
O Timeliness of Results O More Questions
@ Non-Uniqueness @ Results Format
O Lack of Understanding O Lack of Confidence
@ Other 0 No Response
#18 Do You Understand the Differences between
Geophysical Testing for Geotechnical Applications and
NDT for Evaluating Structures?
100 91
90 N=58 OYes -
O No
80 —
[0 No Response
70
‘qE) 60
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#19 What is the Number of NDT Investigations
Conducted Per Year?
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0
#20 Identify the Applications Used for NDT
in the Past Five Years
(Same as Figure 8)
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PART 2—METHODS AND APPLICATIONS
#21a Seismic Methods Used within Past Five Years
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N=96
50
40 33
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#21b Electrical Methods Used
within the Past Five Years
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O 3D Imaging
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#21c Electromagnetic Methods Used
within the Past Five Years
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#21d Ground Penetrating Radar Used
within the Past Five Years
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#21f Gravity Methods Used
within the Past Five Years
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#21g Borehole Logging Used within the Past Five Years
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% 40 E Optical 34
3 @ Acoustic
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& 20 O Borehole Deviation | | L
[JNo Response
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#21h Marine Methods Used within the Past Five Years
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N=67 B Fathometer
B Sonar
50
BEGPR 45
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O Sub-Bottom Profiling
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#21i Airborne Methods Used
within the Past Five Years
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#21j Vibration Measurements Used

within the Past Five Years

N=88

[l Blasting
O Construction
CO0No Response

Respondents
N w H
o o o
1 1

[y
o
|

o
I




Respondents

#21k Other Geophysical Methods Used
within the Past Five Years

N=58

53

2

1 1

W Falling Weight Deflectometer

I Marine Resistivity

@ Laser Infrared

ODownhole Magnetic and Seismic Reflection ahead of TBM

ONo Response

Respondents

#21L No Geophysical Methods Used
within the Past Five Years

H None of Above
1l/ONo Response

100

N=58

#22 Most Commonly Used Geophysical

Methods

(Same as Figure 9, See Table C1 for Details)

Borehole
Logging 5%
NDT 6%

N=130

9% Others

N ‘e% Seismic

Resistivity 10% >

Vibration

Monitoring  22%

‘ '22% GPR

#23a Geophysics Applications Used
within the Past Five Years

®0 N=128 m Bedrock Depth

50 W Bedrock Topography
25 W Bedrock Faulting

40 O Bedrock Fractures

O Bedrock Strength
O Bedrock Weak Zones
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14
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#23b Geophysics Applications Used
within the Past Five Years
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B Bedrock Lithology

Y
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B Sand or Gravel Deposits

O Clay
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#23c Geophysics Applications Used
within the Past Five Years
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#23d Geophysics Applications Used
within the Past Five Years
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c
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#23e Geophysics Applications Used
within the Past Five Years
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Respondents

Respondents

Respondents

#23f Geophysics Applications Used
within the Past Five Years

60
N=129 H Subsidence Features
50 W Natural Karst N
W Dissolution Cavities
E Culvert/Sewer Failure
40 EFill Degradation/Compaction —
34 @ Unknown Sinkholes
[0 Abandoned Mines
30
23
20
10 —
0 .
#23g Geophysics Applications Used
within the Past Five Years
60
N=77 M Buried Man-Made Features
50 W Utilities L
H Old Foundations
40 E Underground Storage Tanks
[ Contamination
O Unexploded Ordnance
3

#23h Geophysics Applications Used
within the Past Five Years

60
N=17 .
[ Scour Around Foundations
50 @ Other I
40 [ONo Response
30
20
10 g 7
B S
0 .

#24 Most Common Applications of

Geophysics

(Same as Figure 10 and
See Table C7 For Details)

Mapping
Man-Made 1‘y oth N=113
Features 10°/ ° ers
Bedrock
: 11
Mapping /° 32% Mapping

Soil

Subsidence 229%

Investigations

NDT
24%

#25 What is the Overall Approach to the Selection of the

Appropriate Geophysical Method
(Same as Figure 11)

N=117

Respondents

W Highway Engineer

E Only Known Method
O No Formal Approach
[0 No Response

M Contractor Specifications M In-house Geophysicist

B Experience
EASTM / AASHTO
O Preferences

#26 Who Approves the Selection of the Appropriate
Geophysical Method? (Same as Figure 12)

[<2]
o

N=88

o

o

o

Respondents
- N W A~ O
o

o

0-

H Contractor

B Program Manager

H In-house Geophysicist

O Division/Branch Manager
[ONo Response

W Highway Engineer

M Contracting / Procurement
[ Project Manager

O Other

#27 Comments Regarding Other Experiences Related to

Geophysical Methods and/or its Applications
See Table C3

100

_||®@Comment

88

O No Comment

N=58

Percent
(4]
=)

PART 3—BUDGETS AND COSTS

#28 Do You Make Budget Decisions
for the Geophysical Program?

100

N=58

M Yes

920
80

ONo

70
60
50
40
30
20 A
10 1

0 .

Percent

[ONo Response|]
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#29 Do You Make Budget Decisions for Specific
Geophysical Projects?

920

N=58

B Yes L

ONo

80
70

[ONo Response

60
50 -
40
30
20
10 A
o_

Percent

#30 Who Makes Budget Decisions Related
to the Use of Geophysics
(Same as Figure 14)

60

N=73

l Agency Head

50

Respondents

[JNo Response
32

E Division/Branch Manager
O Team Leader/Project Manager
O Staff Highway Engineer

22

3
1

#31a Annual Budget Allocated to Geophysical Surveys
(Same as Figure 13a)

100

90
80 1
70
60 1
50 -

N=58

H > $100,000
M < $100,000 to $50,000

[0 <$50,000

ONone
[ONo Response

Percent

40

30

20
10

A
L ]

7
_-;-
0_
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#31b Annual Funding from 'Other' Funding Sources
for Geophysics (Same as Figure 13b)

100

% N=58 m> $500,000 ||

> $100,000

80 m< $100,000 [

70 O< $50,000 H
£ 60 CONo Response ||
9 48
© 50
[
o 40

30 27

20 0 15

0 Jd
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#32 How Much Money is Spent Annually from Allocated

Funds on Geophysics?
100
90 /®> $500,000 N=58
E > $100,000
80 T1m< $100,000
70 110 < $50,000
+« 60 O Different Every Year
8 50 -HHONo Response
(3]
o 37
40 31
% 19
20
10 37 3
0 __*

#33 Prediction of Money Spent this Year on Geophysics
(Same as Figure 15)

100
901 M > $500,000 N=58
80 1 > $100,000
H < $100,000
70 1@ < $50,000
= 60 110 No Way to Estimate 55
§ 50 -HJ No Response
(]
o 40
30 53
20
10 3 2 z 5
0 .
#34 Percentage of Allocated Budget Spent by:
60 -
Design Construction| Emergency Other
50 Branch Branch Response
N=36 N=18 N=8 N=8
n 40
T
3
§- 30
2 23
@ 20
12
10
7 4 ) 4 1 6 7 1 6 3 1 4
10 0
ol m [ Al

|I 100-76% ME75-51% [50-26% [125-1% [JNo Response |

#35 Research Funds Allocated Annually to Geophysical
Investigations
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N=58

90
80

70

60

50
40

Percent
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0-
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B Yes B
ENo B
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#36 Do You Use Research Institutions or Contractors to
Perform Research on Geophysical Investigations?

60
N=63 H University/College
50 [E Contractors -
@ Others

""E, 40 [1No Response |
3 30
g 30
o
n
& 20

10

0 J

#37 Funds Allocated Annually for Emergency Repair for

100

Geophysical Investigations

N=58 93
90 HYes u
80 ONo -
70 [O0No Response| |
-g 60
© 50
o
o 40
30
20
10 P} 5
0
#38 Do Costs Related to Geophysics Hinder or Help
Your Highway Engineering Staff?
(Same as Figure 18)
100 N=58
90 = B Hinder
OHelp
80 O No Response ||
70
*g 60
© 50
(]
o 40
30
20 - 17
10
o .
#39 Do You Use Only Standard, Proven, State-of-the-
100 Practice Geophysical Methods?
90 N=58 HYes -
70 —
= 60 - ODon't Use -
§ Geophysics
5 50 1 ONo Response| |
o 40 A
30 -
20 -
10 A

Number of Investigations

Percent

#40 What is the Rationale for Not Using Leading-Edge

or State-of-the-Art Geophysical Methods

(Same as Figure 17)

60
N=80 B Cost
50 [l Skepticism
O Lack of Management Buy In
0 40 OOther
'g ONo Response
o CO0'No' Answer to #39
530
g 20
(]
@2
° 13 LU
10 8
0 .

#41 Typical Cost Range of Investigations and the

300

Number Per Year at that Cost Level
(Same as Figure 19)

H > $100,000

250 -{{ @ $75,000 to $100,000
[ $50,000 to $75,000
200 -}{E $25,000 to $50,000
[0$10,000 to $25,000
150 {0 <$10,000

O Other

100 H{E No Response 88.2

280

a
o

#42 Comments Regarding Other Experiences on

12 1

2 13

1

Geophysical Budgets and/or Costs
See Table C4

100

O No Comment

| |l Comment 86

N=58
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PART 4—CONTRACTING #46 If You Self Perform Geophysical Investigations is

#43 Who Writes the Scope of Work for RFPs and How the Geophysics Equipment Rented or Owned?
are they Prepared? (See Table 3 for Details) 100 N=53
100 90 +— HRent H
90 N=59 [H Response ] 80 EOwn |
[INo Response EBoth
70 ONo Response|]|
£ 60
® S 50 48
g & 37
b= 40
[
e 30
& 20
12
22 10 3
0 |
#47 If You Self Perform Geophysical Investigations is
the Geophysics Software Rented or Owned
#44 How Does Geophysics Get Incorporated into a 100 N=58
Geotechnical Project, and How Do You Determine 90 +— H Rent L
Which Projects Should Use Geophysics? EOwn
(See Table C5 for Details) 80 O Both ]
100 70 [1No Response —
g0 | N=58 86 mResponse | |
[INo Response c 60 52
80 o
© 50 A
70 1 o 40
60 2 40 -
= i
S 50 - 807
(] u
o 40 20
30 101 3
20 0-
10 #48 What Type of RFP Solicitation is Used by Your Agency?
0- (Same as Figure 21)
N=111
Referrals  All
#45 Use of In-House or Contract Geophysicists Web 6% 3%
Solicitation 79, 269 Limi
N= 6% imited
58 B In-House oth Solicitation
50 EContractor || er o
= Both Methods 8 /°~

CONo Response | |

=
o

Solicitation

11%'
No Response 16%

o, Sole-Source
Open Competition 11%

Respondents
W
o

N
o
|

12% Open Solicitation

10 - #49 Use of Larger Contract Vehicles (ID/IQ or On Call)
(See Table C6 for Details)
100
0- N=58
90 HYes —
80 ONo -
CO0No Response
70
-qc-; 60
© 50
(]
40
30
20
10
10
O |
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Percent

Percent

#50 Typical Type of Contract for Geophysical
Transportation Projects
(Same as Figure 22)

N=69 Other
ID/1IQ o
9% 3%
Cost Plus Lump Sum
10%.‘ 34% Fixed Price
No
Response 13% I
Unit Price Time and
. 14% 17%
Low Bid ° °  Materials

#51 Contract Award to Academic Institutions to Perform
'Run-of-the-mill' Geophysical Investigations because
They Offered Best Value (Price)

100
N=58
90 HYes -
83
80 = :o . L
0

70 o Response

60

50

40

30

20

10 - 3

0 ,
#52 Academic Contracts Awarded to Perform
'Run-of-the-Mill' Geophysical Investigations
Based on Best Value (Price)
90
80 N=58
HYes

70 ENo ]
60 CJNo Response [
50
40
30
20
10

0 .

#53 Use of Academic Institutions to Perform Cutting-
Edge Technology

100

20 HYes I

ENo

80 ONo Response ||

70

60

50

40

30

20 -

10 1 5

0_

Percent

Respondents

Percent

#54 Use of Professional Contractors to Perform Cutting-

Edge Technology
100 N=S3
90 HYes ]
ONo
80 CONo Response I
70
60
50
40
30 -
20 -
10 5
o .
#55 What Would Increase the Level of Comfort Using
Geophysics (Same as Figure 25)
60
N=271 HYes
50 47 47 ONo -
COONo Response

29

Database of

Training gy perience  Standards  £25Y Sasy .« Qualified

Knowledge

#56 Confidence Using Geophysics more Frequently on
Geotechnical Projects
(See Table C5 for Comments)

100
90
80
70
60
50
40
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10

0_

N=58 Bl Comment

O No Comment

oA
OF
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100

#57 Comments Regarding Other Experiences on
Contracting Geophysical Service Providers

90

80

Bl Comment
O No Comment

70

N=58

60

50

40
30

20

10
0 -
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PART 5—CASE HISTORIES/PROJECT EXAMPLES

#58 Number of Successful Geophysical Projects
within the Past Five Years

Number of Unsuccessful Projects Number of Successful Projects

Percent

100

(Same as Figure 23)

60
N=58 M0 Projects
50 H 1 to 5 Projects
[ 6 to 10 Projects
40 E11 to 20 Projects
d21 to 100 Projects
30 O>100 Projects

19

[0No Response

60

#59 Number of Unsuccessful Geophysics Projects
within the Past Five Years

(Same as Figure 24)

50

N=58

MO0 Projects
B 1 to 5 Projects

40

6 to 10 Projects
@11 to 20 Projects

30

@21 to 100 Projects
O> 100 Projects

20

CONo Response

10

0 -

12

#60 Comments Regarding the Successes and Failures
Experienced with Geophysics
(See Table C7 for Details)

20

N=58

HYes| |
ENo

80
70

60

50
40 -
30
20
10

0 -
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#61 Case Histories to Share for Successful and Unsuccessful
Geophysical Projects on Highway Related Problems

(See Table 4 for Details)

100
o0 1 N=58 HYes U
80 “ No ]
70 CONo Response
60

50

Percent

20 43
40
30
20 e
10 -
0_

#62 Sample Scopes of Work to Successful Geophysical

Project (Not the Full Case History)

123 N=58 HYes L
ONo
80 O No Response| |
70
£ 60
§ 50 47
e 40 36
30
20 17
10 4
0 .

#63 Future Research Needs for Geophysics

(See Table C8 for Details)

N=57

E Comments
O No Comments|

Percent
[3)]
o

60
40 35
30 -
20 -
10 A
0_

Part 5 Closing Comments
(See Table C9 for Comments)

100
N=58 Bl Comments
90 I No Comments |
80 74

Percent

70
60
50
40
30 26
20 -
10
0 -
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TABLE Cl1
THREE MOST COMMON GEOPHYSICAL METHODS

Agency First Second Third
AKDOT Downhole — —
AZDOT Refraction Blast monitoring —
CALTRANS Refraction Borehole logging GPR
CFLHD Seismic EM Magnetic
CODOT GPR — —

Vibration monitoring of pile
CODOT GPR driving operations ER
CTDOT CSL GPR Vibration monitoring
DCDOT Vibration monitoring — —
FLDOT GPR Refraction —
GADOT Vibration monitoring Seismic resistivity GPR
IADOT Seismic Resistivity Vibration monitoring
Blasting vibration Construction vibration
IDDOT Refraction measurement measurements
ILDOT None
KSDOT Reflection Resistivity CSL
KYDOT Resistivity Microgravity GPR
MADOT Seismic GPR Vibration
MDDOT GPR Resistivity Vibration
MEDOT Refraction Resistivity —
MIDOT Falling weight deflectometer GPR Vibration monitoring
MIDOT CSL GPR —
MNDOT Vibration monitoring GPR —
MODOT Downbhole seismic Resistivity GPR
MSDOT Vibration monitoring GPR Refraction
MTDOT Refraction — _
NDDOT GPR — —
NHDOT GPR Refraction Resistivity
NJDOT GPR Tomography CSL
NMDOT Refraction Crosshole FWD/GPR
NYSDOT Refraction Vibration monitoring SeisOpt ReMi
OHDOT Resistivity GPR Reflection
OKDOT Refraction — —
ORDOT Refraction Vibration measurement Magnetic
ORDOT Vibration monitoring Magnetic and EM GPR
PADOT Resistivity Crosshole Refraction
PANYNJ Blasting vibrations Marine applications Crosshole surveys
RIDOT GPR — —
SDDOT Electric logs Vibration monitoring —
TNDOT Resistivity GPR —
TXDOT GPR Falling weight deflectometer Seismic
UTDOT Vibration monitoring Refraction Crosshole logging
VADOT Vibration monitoring Refraction Resistivity
VTDOT CSL GPR Vibration measurement
WFLHD Refraction Vibration measurement GPR/ER
WIDOT Vibration measurement — —
WSDOT Refraction Resistivity Optical televiewer
WYDOT Seismic Vibration monitoring GPR
Edmonton Vibration GPR
Terrain electrical conductivity

Manitoba Refraction (TEC) surveys GPR
New
Brunswick 1P EM Seismic
Ontario GPR Hammer seismic —
Quebec Refraction MASW GPR
Saskatchewan Borehole logging GPR Electromagnetic




TABLE C2
THREE MOST COMMON GEOPHYSICAL APPLICATIONS
Agency First Second Third
AKDOT Depth to bedrock Mapping material sites Mapping roadway soils
AZDOT Rippability Depth to bedrock Topography of bedrock
CALTRANS Rippability Bedrock depth/topography | Mapping man-made features
Mapping depth to Mapping
CFLHD bedrock clay/uncompressed soils Underground voids
CODOT Depth to bedrock Subsurface anomalies —
CODOT Embankment — —
Unknown foundation Depths to unsuitable material
CTDOT determinations—scour Bedrock depths (peat/highly organic soils)
Assessing (protecting
agency against) damage
Subsidence issues (real due to construction Location of buried objects
FLDOT or imaginary sinkholes) vibrations and utilities
Blast/vibration Location of sinkholes, USTs,
GADOT monitoring Depth to rock/PWR culverts, etc.
IADOT Abandoned mines Unknown sinkholes Depth to bedrock
Determining engineering
IDDOT Depth to bedrock Mapping bedrock strength properties
INDOT Crosshole Shear wave (CPT) TDR
Underground mines or
KSDOT Bridge foundations Surface investigations dissolution fronts
Mapping abandoned coal
KYDOT Depth to bedrock Mapping karst features mines
Mapping roadway Mapping
MADOT Mapping buried features subsidence lithology
MDDOT Karst studies UST studies Vibration
Depth to bedrock Old Utilities and sinkhole
MEDOT mapping foundations mapping
MIDOT Pavement design Vibration monitoring Void detection
Locating steel in bridge
MIDOT Pavement cross section Utility location decks/pavement
Vibration complaint Pavement/base/subgrade Modulus of base materials
MNDOT analyses and compliance investigations with FWD
Determining engineering
properties (shear wave
velocity) of overburden
(in-house SCPT and Abandoned mines, caves,
MODOT research MASW) karst Rock profile, lithology
MSDOT Subsurface mapping — _
Mapping depth to Mapping topography of Determining bedrock
MTDOT bedrock bedrock rippability
Thickness of pavements Test condition of bridge
NDDOT and bases Detection of buried RCP decks
NHDOT Bedrock profile mapping Mapping soils Void detection
NJDOT Abandoned mines Karst/sinkholes Unknown foundations
Bedrock NDT drilled shaft
NMDOT depth/rippability foundations/piers Pavement layers modulus
Mapping water table
Depth to bedrock for elevation in overburden Identifying possible voids or
NYSDOT road cuts aquifers culverts
Abandoned underground
OHDOT mines — —
OKDOT Depth to rock Rippability Water table
Location of underground
ORDOT structures, tanks, drums Vibration monitoring Depth of overburden
ORDOT Locating utilities Locating USTs —
PADOT Karst Mine voids Mapping bedrock surface
Impact of
microtunneling and Minipile evaluations
directional drilling on (continuity of grouted
PANYNJ surface pavements socket) Liquefaction assessments
Depth to Monitoring construction-
RIDOT bedrock/rippability induced vibrations Mapping UST locations
SDDOT CSL drilled shafts — —
Construction in karst
TNDOT areas — —
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TABLE C2 (continued)
THREE MOST COMMON GEOPHYSICAL APPLICATIONS

Agency First Second Third
Void, moisture, layer
thickness, and damages
TXDOT Pavement layer stiffness under pavement Sinkholes, utility lines
Controlling construction Identifying bedrock and Quality control for dilled
UTDOT and blasting vibrations bedrock strengths shaft construction
VADOT Vibration Karst Depth to bedrock
Traffic and blast vibration
VTDOT Foundation integrity monitoring Bedrock mapping
WFLHD Mapping bedrock — —
Vibration of differential
WIDOT Construction QA/QC settlement monitoring —
WSDOT Refraction 2D electrical resistivity Optical televiewer
WYDOT Seismic GPR Blasting vibration
Mapping roadway
Edmonton subsidence Soil characterization —
Detecting frozen soils or
Detecting voids under permafrost, inconclusive
Manitoba Bedrock sounding pavement, unsuccessful results
Depth and consistency of
Ontario Rockline aggregate deposits —
Determination of cavity
Bedrock profile formation in emban_kments Vibratif)n measures cau.s.ed by
Quebec due to culvert failure traffic, blasting, or piling
Pavement thickness Locating buried aggregate
Saskatchewan Borehole logging determination deposits
TABLE C3
COMMENTS REGARDING EXPERIENCE RELATED WITH METHODS AND APPLICATIONS
Agency Comment
CODOT | 3D methods need more accuracy.

Manitoba| investigation (i.e., drilling and sampling).

Should learn more about different geophysical methods and try to use to enhance the field

MTDOT

We are just implementing the use of geophysical methods on our projects; thus, our experience
is limited.

NHDOT

It is not always possible to deliver “the desired” answer to the geotechnical engineer. They
often want precise depth information and yes or no answers.

NMDOT | Remi used on karst geology with some success as verified by test pits.

OHDOT

Geophysical services are not readily available, so they are often not included in the project
development effort owing to a lacking of time in schedule.

VTDOT

Very limited experience.

TABLE C4

COMMENTS REGARDING OTHER EXPERIENCES ON GEOPHYSICAL BUDGETS AND/OR

COSTS

Agency Comment
Geophysics would normally be included in the cost of a geotechnical investigation. There is no
allocated funding (that is to say, money set aside specifically for geophysical testing). Therefore,

ICODOT |any costs associated with it are buried deep within the overall budget for a project.

Difficult to assess in Florida because such a high use of in-house resources. We do not tap into
geophysics consultants enough. Looking into developing a statewide geophysics contract for

FLDOT | districts to tap into and control the quality of the consultants.

IMDDOT | Geophysical costs and budget are incidental to the general geotechnical explorations budget.
We have one engineer who runs GPR for a small portion of his time. There are no allocated
funds for it.

In-house drilling/cpt can be mobilized quickly and the funding is already included in the
Geotechnical Section annual budget (no direct cost to Project Managers/District budgets).
Geophysical contracting typically takes 1-2 weeks to set up and this must wait until special
funding can be arranged from outside of Geotechnical Section annual budget. Most Project

IMODOT | Managers/Districts are hesitant or have difficulty finding funds for geophysical investigations.
Limited number of projects that have utilized geophysical methods; therefore, budget type

IMTDOT |information is limited at this time (the above-cited information is a very general estimate).
Mostly use in-house equipment and staff. Equipment purchases have been out of research funds

INHDOT |based on specific research projects.

INMDOT | Based on in-house equivalent costs if consultant cost utilized.




TABLE C5

COMMENTS REGARDING INCORPORATING GEOPHYSICS INTO GEOTECHNICAL

PROJECTS

Question 44: How does geophysics get incorporated into a geotechnical project;
that is, how do you identify which projects should use geophysics?

Agency Comment
IAKDOT Knowledgeable staff recommends it or consultant designers ask for it.
IAZDOT When traditional geotech sampling methods fail, we turn to geophysics.
No formal process. Usually through project lead's experience and/or
ICALTRANS discussion with geophysics branch.
If the geotechnical engineer feels it is cost-effective to incorporate geophysical
methods in the planning stages or if the use of geophysical methods reduces
risk, such as in the case of UXO, or if there is no other way to obtain their data,
ICFLHD such as in the case of vibration monitoring.
ICODOT Via the recommendation of the geotechnical engineer.
ICODOT Complexity.
It is incorporated into a project if it is determined that it is the best technique to get the
ICTDOT required information.
IDCDOT When recommended by consultant.
Incorporated on the basis of experience or the requirement for specialized information
IEdmonton that cannot be derived by more conventional means.
IFLDOT Through geotechnical engineer input.
Determined by issues with access, speed of results, desire to limit damage to areas
GADOT caused by drill rigs.
HIDOT When it is deemed cost-beneficial to supplement borings with geophysics.
IADOT Project-specific requirement and geologic review.
IDDOT Site conditions access for drilling, supplemental to drilling.
INDOT Base FHWA guidelines .
KSDOT Regional geologist decision.
Geophysics is based on information obtained from drilling, available mapping,
KYDOT property owner information, and site location.
Identification is based on magnitude of project, difficult subsurface conditions, and
IMADOT getting preliminary advice from consultants.
IManitoba Recommended by the project engineers or geotechnical engineer.
MDDOT Case by case.
IMEDOT Per recommendation of geotechnical engineer.
Need for pavement data, vibration monitoring, void detection, or consultant proposal
MIDOT for inclusion in subsurface investigation plan.
MIDOT Requests from our regional offices.
Ontario Normally when problem occurs.
IMNDOT By need.
As needs are identified by personnel from the Geotechnical Section. We may consult
with university faculty for their advice and suggestions as to the most appropriate
IMODOT methods and configurations/details of the geophysical investigation.
Generally identified on projects where supplemental information is required in
addition to that obtained from conventional drilling and sampling, or on those
IMTDOT projects/areas where conventional drilling methods cannot be utilized.

INew Brunswick

‘When it will work, access, time, cost.

All geotechnical projects are considered when seismic refraction, GPR, or resistivity

INHDOT can help to determine the subsurface conditions.
INJDOT Designer recommendations; prior knowledge of existing site condition.
INMDOT Geologic application/suitability.
It has been traditional to use seismic refraction to reduce the number of boreholes to
INYSDOT identify depth to bedrock for cut areas. NYSDOT has been doing this since 1955.
Staff discussions between District Managing Engineer and a geotechnical engineer in
OHDOT our central office in the design resource section.
OKDOT Materials Division, Geotechnical Branch specifies use.
Identify where lower-quality results can supplement data between borings, reducing
ORDOT the number of borings, or used to find suspected obstructions, cavities, etc.
ORDOT Case-by-case defined need.
IPADOT Geotechnical engineer or design consultant request.
IPANYNJ Experience on past projects.
Quebec When drilling methods are very expensive or the bedrock profile is very variable.
Based on past experience, project location/scope, project budget; will a particular
RIDOT geophysical method provide data that are timely and cost-effective.
Saskatchewan All projects use these methods.
SCDOT Proposed by consultant or selected by geotechnical engineer.

TNDOT

Suggested by geotechnical consultant or specifically requested by Geotechnical
Section.
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TABLE C5 (continued)
COMMENTS REGARDING INCORPORATING GEOPHYSICS INTO GEOTECHNICAL

PROJECTS
Question 44: How does geophysics get incorporated into a geotechnical project;
that is, how do you identify which projects should use geophysics?
Agency Comment
TXDOT Site condition survey.
UTDOT No set policy, engineer, geologist decides .
IVADOT Depends on size and area geology.
The size and scope of the project is evaluated along with the need for subsurface
VTDOT information, the in-house resources available, and the budget.
IWFLHD Project Geotech.
WIDOT QA/QC requirements; vibrations/settlement involving deep foundations.
WYDOT Project geologist decides.
TABLE C6
VALUE, LENGTH, AND CONTRACTORS FOR ID/IQ OR ON CALL ” CONTRACTS
Agency Value Length Number of Contractors
CALTRANS >$100,000 3 years 3 contractors
CFLHD varies — —
GADOT $150,000 4 years 2 contractors
KSDOT varies — —
MADOT $200,000 2 years 1 contractor
MDDOT $500,000 3 years 1 contractor
MEDOT $4 million 4 years 1 contractor
6 to 8 geotechnical consultants; 2 with established
MODOT 2 years geophysics capabilities
NCDOT $500,000 2 years 3 contractors
NIJDOT $300,000 2 years 1 contractor
NMDOT $250,000 3 years 4 contractors
PANYNJ $100,000 3 years 2 contractors
SCDOT varies 3 years 5 to 8 contractors
WFLHD $1 million 3 years 2 contractors
WSDOT $300,000 3 years 2 contractors
TABLE C7

COMMENTS REGARDING SUCCESSES AND FAILURES OF GEOPHYSICAL
INVESTIGATIONS

Question 60: Comments regarding the successes (Question 58) and the failures (Question 59)

experienced by your agency.

Agency Comment
Our successes have come in straightforward circumstances where we have used multiple
methods. Our failures have come when we used geophysical methods in marginal
AKDOT situations and without a clear idea of what we were likely to get for results.
Our failures have primarily occurred when a geophysicist was not consulted on the survey
design or methodology, resulting in selection of an inappropriate method or the creation of
a poorly defined scope of work. Secondary failure has occurred when we apply a method
to a problem or areas where the applicability or site conditions are sub-optimal, but other
ICALTRANS | means of obtaining the desired information are extremely limited.
The unsuccessful projects were actually research-oriented where new non-proven
ICFLHD technologies were tried.
IDEDOT Unreliable data.
Only unsuccessful application was the use of a method that did not apply to the site
GADOT conditions.
IKSDOT KGS Seismic Group is top notice.
We have had problems with using ground penetrating radar owing to clayey soils.
We have had success with both electrical resistivity and microgravity in identifying caves
KYDOT and sinkholes in karst regions.
MADOT Sometimes depth of investigation is not reached or level of accuracy is not obtained.




TABLE C7 (continued)
COMMENTS REGARDING SUCCESSES AND FAILURES OF GEOPHYSICAL

INVESTIGATIONS
Question 60: Comments regarding the successes (Question 58) and the failures (Question 59)
experienced by your agency.
Agency Comment
We used Refraction Seismic Surveys for bedrock sounding and the results were
satisfactory. We also used GPR for mapping roadway subsidence to determine
voids/sinkholes within a rock embankment, and the results were inconclusive or
Manitoba unsuccessful.
Seismic refraction has been most successful when there is enough boring data for
MEDOT calibration. It is great for go/no go decisions on entirely new highway alignments.
Used seismic to determine depth to bedrock on bridge project. Consultant got it wrong and
MIDOT it proved to be waste of money.
In some cases we were trying to utilize GPR in new ways and inadequate
MIDOT education/experience with the equipment probably led to the objectives not being realized.
IMNDOT We generally have success with the vibration monitoring equipment.
‘We have just begun the implementation of geophysics on projects ; previous use of
MTDOT geophysics was very limited.
INCDOT Hard to quantify; hard to generalize.
Geotechnical engineers expecting too much from geophysics (GPR, seismic refraction,
resistivity) on every project they consider its use on (i.e., if it can't give them the exact
INHDOT information they want, it is no good).
INMDOT GPR in finding.
‘We have been using seismic refraction in a great variety of settings, for numerous uses, for
many years. We generally give answers to depth to bedrock within a 10% error range.
Because we are in a glaciated region, where the weathered bedrock has been eroded,
there is a good velocity contrast between the rock and the overburden glacial soils. It
almost always works, except for one situation a few years back when we had a velocity
inversion caused by gaseous silts in lake waters. We conduct vibration monitoring surveys
INYSDOT routinely, for construction, blasting, and traffic vibrations.
GPR is very limited regionally owing to combination of typical site characteristics of clay
OHDOT soils and high (near surface) groundwater table.
Ontario Failure to accurately plot rock line.
IPANYNJ Detection of buried drums; induced current conductivity.
‘We have good results with our seismograph, which represents at least 75% of our
geophysical survey. We have less success with seismic refraction survey done by private
Quebec office.
Methods have been proposed that do not really deliver what was promised or were
TNDOT generally unsuitable for the desired outcomes.
TXDOT We are very happy with NDT.
UTDOT Struggled to identify the shear plane in a landslide.
Problems with seismic refraction in Piedmont saprolites and variably consolidated coastal
plain sediments. Usually insufficient available space to lay out spreads for adequate depth
IVADOT penetration by our available practice.
WISDOT does not contract out very often for geophysical services because of cost. I am
sometimes required to use one of the geophysical methods that are not appropriate for a
particular project, simply because we own the equipment. I hear from project
managers/engineers “let's do it anyway.” These are cases where an unsuccessful
WISDOT outcome is virtually guaranteed.
Highly skilled geophysical consultants that try different method on the site to obtain the
IWSDOT best result.
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TABLE C8

FUTURE RESEARCH NEEDS IDENTIFIED BY RESPONDENT AGENCIES

Agency

Comment

CALTRANS

For transportation engineering, ways to quantitatively determine in situ soil and
rock properties are a worthy avenue for future geophysical R&D. The biggest
area for R&D, in my opinion, lies in NDT for roadway and structure
maintenance, unknown foundation assessment, and construction QA/QC.

CFLHD

3D crosshole tomography and ReMi.

FLDOT

Any assistance to provide guidelines to the geotechnical engineer to use
geophysical testing to plan out the subsequent boring/sounding program to
identify nonselect soils, isolated rock formation, map out top of rock, etc., would
be enormously helpful. Case studies, lessons learned, cost savings, contracting
mechanisms, etc., would help the engineer implement this testing on a routine
basis. The need to relate geophysical test results to engineering properties is
needed. New geophysical techniques are needed to be developed in conjunction
with existing/boring sounding test methods so they can be performed at the same
time. FLDOT has an existing pool fund study request to look into these two
items.

GADOT

Additional use and experience along with training (through NHI or others)
would be needed.

IDDOT

Pursue out-of-the-box methodologies.

ILDOT

Continue developing existing techniques.

INDOT

Soil characterization (stiffness, density, and moisture).

KSDOT

Speed and ease of data filtering to allow us to present the information to all
levels of transportation people.

KYDOT

Develop a NHI class for the states to reinforce the use of the technology.

MIDOT

Need to develop technology for continuous monitoring for compaction
equipment to improve quality control of compacted soils.

MTDOT

Continue developing reliability and confidence in the output from geophysical
surveys.

NHDOT

“Out of the box” technologies that are easy to use by in-house staff. Training to
address geotechnical engineers expecting too much from geophysics (GPR,
seismic refraction, resistivity) on every project they consider its use on (i.e., if it
can’t give them the exact information they want, it is no good).

NJDOT

One of the major obstacles to the utilization of geophysical methods is the
susceptibility to interpretation and potential inaccuracy of obtained results. Any
developments that will serve to reduce this situation will result in an increased
level of confidence in both existing and new geophysical technologies.

NYSDOT

I’'m a geologist, not an engineer, but I think the SeisOpt ReMi software holds
great promise. Our experiences with it so far have been very favorable, not only
for delineating shear wave velocities, but also for detecting voids above failing
culverts. It is extremely easy to use in the field; using ambient noise for the
energy source.

OHDOT

One area would be to complete the proposed pooled funding effort to determine
how falling weight deflectometer data can actually be used as a form of seismic
(?) data to determine areas underlain by subsurface voids. If this information
could be developed, there would be a major victory in terms of cost-effective
R&D. This cost-effective win would be because every DOT has FWDs, but
right now most of them do not know that they can be used for more than
pavement testing. Some of the states currently interested in this possible use of
FWD:s to detect subsurface voids include Ohio, Arizona, Kansas, Michigan, and
Missouri.

PADOT

Ease of use, good interpretation tools, reduction in equipment and software
costs, need to mainstream.

PANYNJ

Developing geophysical applications to assist with tunnel design; potential
alignment may be investigated using directional drilling (install two pipes
horizontally and perform crosshole measurements between pipes to interpret soil
and rock strata).

TNDOT

Training, training, training, and training

TXDOT

GPR.

Manitoba

Geophysics is a specialized field. If geophysicists could provide marketing
information/education, general geophysics applications for transportation,
structure, and geotechnical engineers through universities, various conferences,
trade shows, etc., this will be one of the keys to promote this technology.

Quebec

We are developing the Sherbrooke University and investigation method using
MASW to find cavity formation in embankments owing to failure culvert.




TABLE C9

COMMENTS REGARDING ITEMS NOT COVERED IN THE SURVEY

Agency

Comment

ILDOT

This survey is the longest survey I’ve seen! Too many questions to keep
focused!

INDOT

We like training, knowledge, and information sharing.

KYDOT

We are in the process of completing a research project of different geophysical
techniques. This research study involves evaluating and implementing several
geophysical methods and different contractors for further use in the state of
Kentucky. If you would like a copy of this report, contact us when it is
completed. Until recently, Kentucky has lacked a budget. Also, owing to
tight time constraints during the design phase geophysical techniques have not
been incorporated.

MADOT

We responded to a similar survey about 2 to 3 years ago to FHWA.

MIDOT

Answers to this survey pertain to the use of GPR by our Pavement Structures
Group only. Our Geotechnical Services Unit passed it on to us to fill out with
regards to GPR only. It is important to note that the greater portion (>80%) of
our work with GPR has been in the pavement structure (i.e., above the original
subgrade) or in bridges. So, the type of work this survey is trying to document
has been very minor in the 4 years we have owned the equipment.

MNDOT

There are two areas of interest in MNDOT concerning the use of geophysics.
There is the pavement side that routinely uses GPR and FWD. The other area is
the structures side that has used geophysics on occasion to attempt to enhance
and fill in the blanks of a standard site investigation involving SPT and CPT.
Potential failure emphasis will include preliminary investigation with
geophysics to help determine a course for a more detailed site investigation and
testing program.

MODOT

Question 6 references the geophysics manual. The only problem is that it is so
voluminous as to discourage its use somewhat. There is need for an expert
system to aid engineering professionals in the selection of the appropriate
geophysical methods. Question 13 asks about increase/decrease in use of
geophysics. Our increase is generally related to in-house SCPT utilization for
shear wave determination using downhole seismic techniques and not other in-
house or contracted geophysical investigation.

MSDOT

I’'m all for a program designed to expand the knowledge of geophysical methods
among state DOTs. We would utilize the varying technologies if we had the
training needed to understand what is available and how it can be used to
enhance our designs.

MTDOT

Our previous experience with geophysics is limited and we have just
implemented its use within the past year. Thus, our experience and ability to
provide case histories and budget type information is limited at this time. I
anticipate increased use of geophysical methods in the future.

OHDOT

Please send me a copy of this synthesis whenever it is completed. Thanks!

PANYNJ

Regarding specific projects referenced in responses, it should be noted that all
data were lost on 9/11.

RIDOT

We are presently coordinating an effort to develop a database of prior borehole
information throughout the state. An interest exists in reducing a number of
point borings and geophysical methods, in accordance with prior data, which
may be quite beneficial in this pursuit.

Saskatchewan

Saskatchewan Highways and Transportation has been utilizing geophysical
methods in geotechnical practice since 1966. It is part of the everyday toolbox
that is used in this organization and the time and money saved over the past 40
years would be very large. New technologies such as EM surveys and GPR
surveys have made sub-surface aggregate location studies and Pavement
Engineering more efficient as well.

SDDOT

The state of South Dakota does not do much geophysics for projects. The
amount that is done is through CSL of drilled shafts with potential irregularities.
There has been some discussion on GPR, but very little progress.

WIDOT

Good job in putting the questionnaire together—you have covered all of the
bases. I believe this will benefit WISDOT and many other state DOTs. Thank
you for your efforts.

Yellowknife

Our agency used GPR with limited success; on two occasions about 12 to 15
years ago to detect near surface cavities under roadways, which were caused by
permafrost degradation in one case and by dissolution of gypsum bedrock in the
other case.
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APPENDIX D
Case Histories

Successful and unsuccessful case histories presented in this
appendix were prepared by the respective transportation
agencies; the synthesis consultant has made only minor mod-
ifications or comments. These four case histories were se-
lected for this report because they cover a multitude of geo-
physical methods and techniques, as well as geotechnical
applications. The authors have submitted them in a similar
format to make for easy comparisons.

For the purpose of this synthesis, successful or unsuc-
cessful case histories (as presented in Table 4) are based
solely on meeting technical objectives, not whether the proj-
ect met budget or timeline constraints.

It should be noted that an unsuccessful case history is
not a criticism of geophysics—the methods or the tech-
niques. As the authors indicate, poor application, instru-
mentation, or data interpretation software may often be
the reason a geophysical investigation does not meet the
objectives.

CASE HISTORY 1

How not to do it—A summary of a reflection seismic
project to delineate potential faulting across structures
proposed for a major Interstate project in southern Cal-
ifornia

An Unsuccessful Geophysics Project

William Owen, Chief, Geophysics and Geology Branch,
California Department of Transportation

Objective and Purpose

In the summer of 2002, a staff geophysicist was consulted to
propose investigations for Interstate improvements in the
San Bernardino Valley in southern California. A number of
bridges and overheads were proposed for this project, which
is located in an area of significant seismic hazards. The pur-
pose of the studies would be to evaluate possible fault traces
beneath the proposed structures. Factors influencing the se-
lection and sequencing of the geophysical surveys were: (1)
the project area is in a deep alluvial basin, with estimated
sediment deposition in places on the order of 2 km; (2) the
area is heavily urbanized; (3) vibration noise is significant;
(4) the client had deadline pressures (less than 90 days) and
wanted a quick turnaround; and (5) there was no identified
stable funding source to pay for the work.

Options Considered and Method Selected

When discussing the client’s needs with the staff geologists,
the consulting geophysicist outlined some options. Both
sides agreed that reflection seismic was the primary method
reasonably expected to provide the client’s desired resolu-
tion. However, staff geologists wanted imaging of the basin
to bedrock (up to 2 km). The geophysicist described the pros
and cons of compressional (P) wave and shear wave reflec-
tion: P-wave could give them the desired depth, with reduced
resolution; shear-wave could yield the desired resolution,
with the potential for shallower investigation depth and a
guarantee of increased cost. For either method, the noisy en-
vironment remained a problem.

Because the state department of transportation (DOT)
had no in-house capability for this highly specialized work,
the job required an outside contract. The opinion of the
geophysicist was that high-resolution, shear-wave reflec-
tion seismic, using a vibratory source, was the best option;
arguing that even if a deep P-wave survey was performed,
the shear-wave survey would still be needed for accurate
delineation of shallow offsets posing the greatest risk of
surface rupture. Owing to cost issues, the staff geologists
opted for a deep P-wave survey, using impact sources, with
a subsequent shear-wave survey, once stable funding was
secured.

The geophysicist, in consultation with a qualified consul-
tant, developed scopes of work and initial cost estimates. Ini-
tial estimates were under budget, but the consultant’s com-
mitment to another project raised questions about the
deadline. That uncertainty, despite assurance from the con-
tractor, led the staff geologists to pursue a different consul-
tant. The consulting geophysicist was eventually removed
from the project as a result of disagreements with the staff ge-
ologists over consultant selection and project scope and cost.
Ultimately, none of the original consultants was selected. Six
months after the original deadline, staff geologists began
work under agreement with a federal research agency, at a
cost $30,000 more than the geophysicist’s original scope of
work.

Four months after work had begun the consulting geo-
physicist was again contacted regarding the project. The
geophysicist was invited to rejoin the technical team and
was informed that the original geology team was no longer
working on the project. At that point, fieldwork was nearly
complete. The geophysicist requested a status briefing from
the federal research agency’s lead investigator. A response
was not received.
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a number of factors contributed to the

)

from initialization to final report, could not be com-

s

Project deadlines placed extreme limits on what could be
done. It was apparent from the outset that this type of inves-

of project limitations that may affect the geophysical inves-
tigation

tigation. In this case

Both practitioners and users of geophysics must be cognizant
failure.

final draft the investigators presented a significantly differ-
ent reinterpretation of the same data (Figure D2).
Reasons for Failure and Lessons Learned

in their

bl

, a draft report was sub-
However

that, as feared, the P-wave reflection data did not success-
fully image shallow targets of greatest interest to the project.
Also of concern were the deeper portions of the data (Figure
D1). In the opinion of the consulting geophysicist, the inter-
pretation of the deep seismic sections included geologic
structures that were not plausible given available knowledge
of faulting and geology in the area. The rebuttal from the in-
vestigators essentially agreed that the data could not meet the
primary objective required by the state DOT, but disagreed

mitted. The consulting geophysicist concluded in review

with the assessment of the interpretations.

More than one year after that request

Results

RN et i3 4510 O
T

L
v 1 m..@ M A AEY

N

2 : .

Hepithits AL uwd”x

et WMWJM
AL

¥
NG R

Dol

e 11 K302 VY apon I, b G0 MQKLKINN el et ag0n 000

. ._.w....,.“._
.u.. ? w«m. B
;aw\mwﬂ_., L

I RINTEAENTI [
i AT .«m&.w. %t
I .mm_..m:% ,,.‘...wuﬂw 356720 BT

WAL
ﬁ_vvmv 3 <

R A

4
e

AR

s ..,....-.. ra g
SRS

TN & ..<.....f.mu., % |-
A o

Aol RN

roog prs e S ELA T
-4

e

ma“_ Sy

Initial interpretation of reflection seismic section. Grayed zone is interpreted extent of

. i
AN 3G 1

4 ks
-

AN

) g g g § :

(W) Hid30

sedimentary basin. Many interpreted faults on the section appear inconsistent with the available data or

are incompatible with existing knowledge of faulting in the basin.

1
FIGURE D1

(W) Hid3a

spaciousness is likely the result of poor data quality. Resolution, particularly in the upper 500 m, is

FIGURE D2 Revised interpretation of Figure D1. New interpretation may be more plausible, but
insufficient to reliably discern fault proximity relative to structure locations.



102

pleted by the desired deadline. As it happened, the ultimate
path chosen by the geology team resulted in project duration
much longer than the consulting geophysicist’s original plan.
In the end, deadlines were extended to accommodate the in-
vestigation.

Lack of a stable funding source made it difficult to de-
velop the scope of work and to obtain contractor commit-
ments. Quite simply, although funding issues were the result
of legislative actions beyond control of the state DOT, the
DOT could not appear serious in its desire to pursue the in-
vestigation at an accelerated tempo when the consultants
could not be assured that funding existed to carry it out.

The noisy environment significantly affected the data ob-
tained using the impact sources. That and other factors lim-
ited usable bandwidth to lower frequencies, resulting in a
low-resolution data set of questionable interpretation that
could not satisfy the state DOT’s need for detailed and accu-
rate resolution of shallow features.

Conclusions

The main point of this case history is that a geophysicist is in-
valuable in planning, coordinating, and conducting geophys-
ical surveys. Although California law allows geologists to in-
corporate geophysics into their practice, reflection seismic is
particularly complex and was clearly beyond the experience
and practice of the staff geologists, who against advice de-
veloped a scope of work without input from the consulting
geophysicist. In the end, the client spent $215,000 for work
that could not fulfill the desired objective. The follow-up
shear-wave survey was not carried out and, in this case, the
client’s negative experience makes that follow-up unlikely.

CASE HISTORY 2

Application of Ground Penetrating Radar at the Stony
Rapids Airfield in a remote area of northern Saskatchewan

A Successful Geophysics Project

Saskatchewan Department of Highways and Transporta-
tion (SDHT) and Pavement Scientific International

P. Jorge Antunes, Principal Geotechnical Engineer
Curtis Berthelot, President,

Allan Widger, Executive Director Engineering
Gordon King, Regional Executive Director

Objective and Purpose

The objective of this trial project was to use ground pene-
trating radar (GPR) to measure the extent of moisture accu-
mulation within the Stony Rapids Airfield substructure.

The Saskatchewan Department of Highways and Trans-
portation (SDHT) is responsible for maintaining and operat-
ing 18 provincial airfields, including the Stony Rapids Air-
field in Northern Saskatchewan. During regular airfield
inspections, SDHT staff and pilots noticed the formation of
two large depressions in the airstrip that were beginning to
affect aircraft take-off and landing operations.

Owing to its remote northern location with limited equip-
ment available, a make-shift site investigation was com-
pleted by drilling a few large diameter boreholes on the
graded portion adjacent to the runway. The boreholes were
drilled in the vicinity of the depressed areas with a large di-
ameter auger on loan from the local electrical company. The
boreholes identified large volumes of water contained in the
substructure near the ground surface. SDHT needed to quan-
tify the extent of the moisture accumulation beneath the run-
way to determine whether a subsurface drainage system
would be required. If this system was required, design param-
eters would be necessary to determine the type and size of
the subsurface drainage system needed for the Stony Rapids
Airfield.

Options Considered and Method Selected

The first option considered to measure the extent of mois-
ture accumulated in the Stony Rapids Airfield substructure
was to use conventional coring, sampling, and laboratory
analysis along a grid pattern on the runway. It was decided
that the conventional methods were too expensive and not
practical.

The other method considered was the use of GPR to use
nonintrusive geophysical methods to map the groundwater
beneath the runway surface. It was believed that this tech-
nology could be cost-effective for this project. As a result,
SDHT contracted with Pavement Scientific International to
perform a GPR assessment of the Stony Rapids Airfield.

The logistics of transporting the portable GPR equipment
were handled by using a chartered aircraft to airlift the equip-
ment and crew from Saskatoon, Saskatchewan, to the remote
location. Once there, the equipment was attached to a stan-
dard pick-up truck for use in the geophysical survey, as
shown in Figure D3.

Results

The GPR surveys were conducted on the runway during the
intervals of aircraft inactivity. The truck-mounted GPR unit
was shuttled on and off the runway throughout the day with-
out having to restrict regular aircraft operations.

GPR profiles were collected starting from the northeast
end of the airstrip and ending 1.6 km at the southwest end.
There were five radar scans for each of the seven passes.
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FIGURE D3 Truck-mounted GPR at Stony Rapids Airfield.

Figure D4 is as an example of a GPR scan. This scan
shows a significant increase in dielectric permittivity (an in-
dication of increased relative moisture content) in the sub-
base at the depressed areas, as well as the surrounding area.
This indicated further expansion of the depressed areas. The

moisture accumulation contours measured within the granu-
lar base layer were the same as found in the subbase. This
could be the result of moisture diffusion from the subgrade
or moisture infiltration from the pavement cracks. The source
of the moisture could not be determined because surface
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cracking information was not available at the time of the
GPR survey owing to a recent application of a bituminous
surface course on the entire runway.

Figure D5 illustrates the moisture accumulation con-
tours measured both at the top of the subbase and within the
granular base layer within the Stony Rapids Airfield. These
contours verified the theory that the runway depressions
were caused by moisture within the runway substructure.
The contours also showed that there were other areas that
were prone to settlement along the runway. This confirmed
the need for a subsurface drainage system beneath the air-
field runway.

The entire survey was completed within 14 h, which in-
cluded 6 h of flying time. In addition, one day was required
to complete the data analysis and generate the results used for
this study.

Reasons for Success

The GPR survey was an innovative solution to the prob-
lems faced at the Stony Rapids Airfield. The results of the
survey proved that the extensive groundwater was already
extending past the existing depressions in the runway and
that remedial measures needed to be taken to install the
subsurface drainage system. The information from this
GPR survey was used in the design process as well as in a
request made to a Canadian federal government agency to
fund this airport work under a federal monetary grant
structure.

The experience and knowledge of both the project en-
gineers as well as the consultant involved made the project
successful. SDHT has numerous senior engineers willing
to share their knowledge and experience. Innovations
and new technology are also encouraged within SDHT.
This mindset within SDHT makes innovative technologies
open to consideration by front-line staff and executive
managers.

Conclusions

This case history illustrates SDHT s positive experience with
GPR technology and ultimately the use of this type of geo-
physics. The ability to carry out a nonintrusive geophysical
survey, in a single day, at a remote northern airport, while
maintaining full airfield aircraft operations makes this proj-
ect a success from a logistics point of view. In addition, the
results allowed decision makers to confirm design parame-
ters, as well as obtain federal government funding for the
project. For these reasons, this project has helped to promote
the further use of GPR and geophysics within SDHT.

CASE HISTORY 3

Geophysics and Site Characterization: K-18 bridge over
the Kansas River

An Unsuccessful Geophysics Project

Neil M. Croxton, P.G., CPG, Regional Geologist, Kansas
Department of Transportation

Objective and Purpose

In 2001, the Kansas DOT (KDOT) decided to begin incor-
porating geophysics in preliminary investigations to supple-
ment drilling and sampling programs. Geologists at KDOT
began looking for a place to experiment with different geo-
physical methods. We wanted to find a characteristic bridge
project, preferably one with good as-built elevations, so that
we could easily compare the geophysical results with site-
specific data.

The project selected for the tests was a proposed bridge over
the Kansas River on K-18 between Manhattan and Junction
City (Figure D6). The bridge is to be built alongside the exist-
ing structure, which was constructed recently enough so that
detailed geology information is available. The riverbed itself is
nearly 800 ft wide, sits 10 ft below the bank, and is braided with
sand bars. Fluctuations in water flow are common. To design
the foundations for Piers 2, 3, and 4 we needed top-of-bedrock
elevations across the riverbed, along with some idea about the
degree of weathering at the soil/rock interface.

Options Considered and Method Selected

Drilling at the proposed pier locations in the riverbed would
have only been possible by obtaining specialized drilling
equipment or by conducting extensive earthwork. Neither
option was economically possible, nor were they seriously
considered. The site appeared to be a good choice however
as a test of modern engineering geophysics. Bedrock in the
area consists of alternating layers of Permian age limestone
and shales. Kansas River alluvium typically consists of
quartz sand with lenses of clay and silt; the alluvium is less
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FIGURE D6 K-18 bridge site located on the Kansas River between Manhattan and Junction City.

than 30 ft thick at this location. We believed that the contrast
of material properties at the alluvium/bedrock contact—sand
overlying limestone and hard shale—might lend itself to
good quantitative geophysics data that would provide the
needed information.

Seismic refraction and 2D resistivity profiling were the
two geophysical techniques that we believed could provide
the necessary information. Geophysicists at the Kansas Ge-
ological Survey were consulted; the consensus was that both
resistivity and refraction had their advantages and limitations
in this geologic setting. We finally decided to try both the
seismic and electrical methods and learn for ourselves.

KDOT has a standing contract for drilling services with a
consulting firm that also performs geophysical investiga-
tions. A proposal from this company was submitted and ac-
cepted. KDOT would pay $33,000 for resistivity and seismic
refraction field surveys, data interpretations, and their report.

Results

Field work took place over 4 days in early December 2004.
Later that month, the consulting firm submitted its report. In
it, our consultant expressed little confidence with the refrac-
tion results. Background noise was blamed for the poor
data—wind, road noise from the nearby bridge, and vehicle
activity at the nearby Fort Riley military base. The resistiv-
ity data were much better, and the geophysicists were opti-
mistic about the results. The report contained interpreted top-
of-bedrock elevations for both surveys.

It is our experience that the alluvium/bedrock contact be-
neath even the largest rivers in eastern Kansas is generally
planar (Figure D7). Occasional scour holes are found, but the
rock is usually too resistant to give dramatic weathering dif-
ferences across a site. At the K-18 crossing, drill holes on op-
posite banks (separated by about 800 ft) showed that the con-
tact varied by less than 3 ft. We expected that at least one of
the geophysics methods would clearly show this contact be-
tween such different materials as sand and hard Permian
bedrock.

We were disappointed. Resultant interpretations for the
bedrock contact from both refraction and resistivity data
showed irregular soil/bedrock interfaces with unrealistic high
and low points. In the riverbed itself, the refraction data yielded
differences of up to 16 ft; the resistivity results varied by up to
20 ft. The two methods diverged by as much as 25 ft toward the
north end of the channel area. The resistivity profile showed
large areas of very high resistivity in locations where drill holes
found only sand (Figure D8). Very low resistivity was shown
in places that we know is hard bedrock. And finally, both meth-
ods seemed to reflect the topography, as the interpreted bedrock
contact followed the surface elevation up both banks and over
sand bars between river channels. In short, the results were use-
less for our design and planning work.

Reasons for Failure

We consulted with geophysicists at the Kansas Geological
Survey to help us figure out what might have gone wrong.
Seismic and electrical specialists decided that the computer
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FIGURE D7 Conception geologic model of K-18 site.

programs used to interpret the data are most likely responsi-
ble for the poor results. There are a handful of different pro-
grams available to help geophysicists handle refraction and
resistivity surveys, and each has its own biases. Scientists
who use these programs must be very careful in choosing
which to apply to a certain situation.

By this time, the bridge foundation geology report was
due. There was no time to have the geophysical data reinter-
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preted or evaluated any further. The piers in the channel were
designed using geology information from the existing bridge.

Lessons Learned
Companies specializing in seismic refraction and resistivity

on this scale are not common in the central plains. KDOT
Geology assumed that, given the planer geology and existing
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FIGURE D8 Geophysical results and geological (drilling) elevations for top-of-rock.



borehole data, local geotechnical firms could provide the
same level of service as the well-known geophysics compa-
nies. In the future, KDOT will require proof of similar work
with references and, through competitive bids, utilize firms
that specialize in geophysical investigations.

Conclusions

The failure of seismic refraction and 2D electrical resistiv-
ity profiling to provide reliable information at the K-18
bridge has not affected KDOT’s determination to use engi-
neering geophysics during its preliminary site investiga-
tions. A different stream crossing will be chosen, and we
will try again.

Synthesis Author’s Comment

The construction phase may reveal details about the
soil/bedrock interface and its surface relief and degree of
weathering. It is recommended that these physical measure-
ments, made during construction and/or additional site in-
vestigation work, be integrated into the geophysical data, the
interpretation constrained by these parameters, and the same
software used to produce new sections. Typically, applying
constraints to the algorithms will help the geophysical model
more closely reflect the geologic model; and, it is the opin-
ion of the synthesis author that “ground truth” evidence is
needed for this project in the areas interpreted to be anom-
alous from the conceptual model. This ground truth comment
applies for all geophysical investigations.

CASE HISTORY 4

Geophysical Investigation of the USH 53 Birch Street In-
terchange Site, Eau Claire, Wisconsin

A Successful Geophysics Project

Dan Reid, Geologist, Bureau of Technical Services, Ge-
otechnical Section, Wisconsin Department of Transportation

Objective and Purpose

As part of the realignment of U.S. Highway (USH) 53 in Eau
Claire, Wisconsin, the Wisconsin DOT (WISDOT) will be
constructing an interchange for the Birch Street connection
to this highway on a parcel of property owned by the city of
Eau Claire. An old city landfill, with little to no historical
data on the nature and extent of filling, occupies a preexist-
ing ravine on the property that extends beneath the limits of
construction of the proposed Birch Street intersection. A geo-
physical investigation was conducted at the property in De-
cember 2002 to estimate the horizontal extent of landfilling
within the proposed limits of construction and to focus future
geotechnical and environmental work at the site.
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Options Considered and Method Selected

During the design phase of the project, discussions between
geotechnical engineering and project design staff indicated
that a phased investigation approach was warranted at this
site, and that a geophysical study would be appropriate as the
second investigation phase (after a preliminary environmen-
tal investigation). Several geophysical options were consid-
ered for this study including seismic refraction, GPR, elec-
trical resistivity, and electromagnetics (EM). Project design
staff indicated that they had limited funds for this work and
that they needed a quick turnaround on the results. Based on
this information, and that soil borings from the project area
indicated that native soils consisted predominantly of allu-
vial sand and gravel (which should be characteristically less
conductive than the waste material placed in the ravine), the
EM and GPR methods were selected. An EM31 terrain con-
ductivity instrument manufactured by Geonics, Ltd., and a
RAMAC GPR instrument with a 200 MHz antenna manu-
factured by Mala Geoscience were used for this investiga-
tion. Interpretations of the EM31 data were developed using
SURFER® (Golden Software, Inc.) to contour the data sets in
2- and 3-dimensional simulations of the study site, whereas
GPR data were plotted and interpreted using the Mala,
GroundVision® software package.

The field investigation began by establishing a surveyed
grid with 50-ft centers, approximately 750 ft long (north to
south) and 600 ft wide (west to east) that covered the limits of
proposed construction over the landfill. The terrain conductiv-
ity and GPR profiles were completed by running the instru-
ments across the survey grid from west to east, beginning at the
northern end of the site and proceeding to the south. Three ad-
ditional profiles with each instrument were also completed
from south to north after the first set of data had been obtained.

Results

The EM31 data indicate that there are two distinct anomalies;
a conductivity high located in the northwest section of the
grid and a conductivity low located in the west-central sec-
tion of the grid. Both of these features are likely associated
with landfilling at the site. In general, waste with higher ap-
parent conductivity is located in the northwest portion of the
landfill grid (later identified as industrial waste), whereas the
southern portion of the grid contains waste with lower over-
all apparent conductivity (later identified as construction and
demolition waste). Figure D9 presents 2D and 3D image
maps of conductivity data on the landfill grid.

GPR profile data clearly illustrate the extent of filling
along the margins of the landfill. For this study, interpreta-
tions made on GPR data sets were focused on the profile mar-
gins, primarily because some areas of the landfill, specifi-
cally the thicker fill sequences in the center of the preexisting
ravine, were highly conductive to GPR signals and resolution
of subsurface conditions in these areas of the profiles was
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FIGURE D9 2D (left) and 3D (right) image maps of conductivity data on landfill grid.
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FIGURE D10 Partial GPR profile along west edge of site.

poor. In addition, the profile margins covered the limits of
the preexisting ravine where the preexisting ground surface
would be closer to the surface. The buried, preexisting
ground surface was the primary target of GPR profiling to
help characterize the limits of landfilling at the site. Figure
D10 presents a partial GPR profile collected along the west
edge of the site, near the conductivity high noted on Figure
D9, and clearly shows the downward trending preexisting
ground surface near the edge of the grid. Interpretations of
the extent of landfilling at the site were developed using both
the EM31 image maps and GPR profile data.

Reasons for Success and Lessons Learned

Overall, these two geophysical methods worked well to iden-
tify both the horizontal extent of filling and the location of

high conductive fill material within the preexisting ravine. A
subsequent geotechnical investigation phase confirmed the
geophysical interpretations and provided data on the charac-
ter of the fill material. The geophysical methods achieved the
objectives and purpose of this investigation primarily be-
cause they were appropriate for the subsurface conditions en-
countered.

Conclusions

The geophysical investigation used on this project proved to
be a cost-effective, accurate, and timely method of evaluat-
ing the extent of landfilling on the site. The success of this
investigation will help ensure that geophysical methods are
considered as practical investigative tools on other WISDOT
projects in the future.



Abbreviations used without definitions in TRB publications:

AASHO
AASHTO
ADA
APTA
ASCE
ASME
ASTM
ATA
CTAA
CTBSSP
DHS
DOE
EPA
FAA
FHWA
FMCSA
FRA
FTA
IEEE
ISTEA
ITE
NASA
NCHRP
NCTRP
NHTSA
NTSB
SAE
SAFETEA-LU

TCRP
TEA-21
TRB
TSA
U.S.DOT

American Association of State Highway Officials
American Association of State Highway and Transportation Officials
Americans with Disabilities Act

American Public Transportation Association

American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

American Trucking Associations

Community Transportation Association of America
Commercial Truck and Bus Safety Synthesis Program
Department of Homeland Security

Department of Energy

Environmental Protection Agency

Federal Aviation Administration

Federal Highway Administration

Federal Motor Carrier Safety Administration

Federal Railroad Administration

Federal Transit Administration

Institute of Electrical and Electronics Engineers
Intermodal Surface Transportation Efficiency Act of 1991
Institute of Transportation Engineers

National Aeronautics and Space Administration

National Cooperative Highway Research Program
National Cooperative Transit Research and Development Program
National Highway Traffic Safety Administration

National Transportation Safety Board

Society of Automotive Engineers

Safe, Accountable, Flexible, Efficient Transportation Equity Act:
A Legacy for Users (2005)

Transit Cooperative Research Program

Transportation Equity Act for the 21st Century (1998)
Transportation Research Board

Transportation Security Administration

United States Department of Transportation
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