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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.
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American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
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supported on a continuing basis by funds from participating
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and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Academies
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contracts are the responsibilities of the National Research Council
and the Transportation Research Board.
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FOREWORD

PREFACE

By Jon M. Williams
Program Director
Transportation
Research Board

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
evaluating such useful information and to make it available to the entire highway com-
munity, 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.

There is a need to understand the use and value of visualization of geotechnical data for
mitigating hazards and responding to the consequences of disasters and extreme events.
Hazards, disasters, and extreme events with a geotechnical basis include landslides, rock-
falls, settlement, sinkholes, and many other events that can degrade or destroy a transporta-
tion system. The findings reported in this study provide geotechnical leaders in transpor-
tation with an overview of what tools and techniques their colleagues are using and how
effective those tools and techniques are for mitigating geotechnical hazards and responding
to geotechnical disasters.

Hollie L. Ellis and Mark J. Vessely, Shannon & Wilson, Inc., Seattle, Washington, col-
lected and synthesized the information and wrote the report. Information was gathered by
literature review, survey, and interviews. The members of the topic panel that oversaw
the study are acknowledged on the preceding page. This synthesis is an immediately use-
ful document that records the practices 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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VISUALIZATION OF GEOTECHNICAL DATA FOR
HAZARD MITIGATION AND DISASTER RESPONSE

SUMMARY

Visualization of geotechnical data can be an extremely valuable technique for mitigating
hazards and responding to the consequences of disasters and extreme events. Geotechnical
data visualization (GDV) can be broadly defined as graphic presentation of geotechnical data
intended to provide insight into the nature of the problem at hand and to develop potential
solutions for that problem. The tools currently used for visualization of geotechnical data
include geotechnical-specific applications, applications adapted from other professions, and
general-purpose applications such as spreadsheets and image analysis software.

The first objective of this study was to understand the nature and quantity of the geo-
technical hazards, disasters, and extreme events that transportation personnel must prepare
for and react to. The second objective was to understand what geotechnical data are avail-
able to transportation personnel and how the data are stored and visualized. The information
gained from the first two approaches provided a context for the third objective: synthesizing
the reported effectiveness of data visualization tools in developing and implementing geo-
technical hazard mitigation measures and responding to geotechnical disasters or extreme
events. The findings reported in this study will provide geotechnical leaders in transportation
with an overview of what tools and techniques their colleagues are using and how effective
those tools and techniques are for mitigating geotechnical hazards and responding to geo-
technical disasters.

Geotechnical data encompasses a varied and complex set of information derived from
field reconnaissance, subsurface explorations, field tests, laboratory tests, in-situ instrumen-
tation, and remote sensing measurements. The data may consist of geologic setting, physical
properties, or performance characteristics. Geotechnical data range in scale from laboratory
tests of small samples to field measurements of mass performance, to wide-area images
provided by satellite—borne remote sensing devices. Because these data come from many
different sources in many different formats, the greatest challenge to those responsible for
hazard mitigation and disaster response is often simply accessing, viewing, and interpreting
geotechnical data in a consistent and convenient format.

The natural phenomena that lead to hazards or disasters with a geotechnical component
may have geological origins (e.g., earthquakes or volcanoes) or meteorological origins
(extreme precipitation or temperature, etc.). Hazards, disasters, and extreme events with a
geotechnical basis include landslides, rockfalls, settlement, sinkholes, and many other events
that can degrade or destroy a transportation system.

Ideally, every geotechnical hazard associated with a transportation system would be miti-
gated before a disaster occurs. However, this is not feasible. The economics of mitigating
every hazard is unachievable and our ability to recognize, prioritize, and mitigate hazards is
imperfect. Consequently, a certain level of risk in building and maintaining transportation
systems must be accepted; the most dangerous hazards must be mitigated, and disasters must
be responded to as they occur. The role of visualization of geotechnical data is to help reduce
those risks by more efficiently identifying hazards and improving mitigation efforts, disaster
response, and disaster recovery.

Copyright National Academy of Sciences. All rights reserved.
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Emergency
Management

Cycle

Image credit: U.S.DOT

heep://www.dot.gov/sites/dot.

dev/files/docs/Disaster_
National_Transportation_
Recovery_Strategy.pdf.

Although the hazards and potential disasters and extreme events may vary from state to
state, and even region to region, the effective use of GDV tools and methods in one location
can be expected to apply to a range of conditions, events, and objectives in another location.
A goal of this study was to identify the GDV approaches that are most effective for hazard
mitigation and disaster response and recovery.

Mitigation and response to geotechnical disasters or extreme events are part of the transpor-
tation emergency management cycle. Mitigation of a geotechnical hazard occurs during the
preparation phase, with an objective of avoiding or minimizing hazards and reducing disaster
consequences. During the response phase, immediately following a disaster, the focus is on
public and worker safety and minimizing transportation system delays or detours. Mitigation
also occurs during the recovery phase of restoring the transportation system to a pre-event
level of service. Recovery mitigation is also an opportunity to make improvements to aging
infrastructure by rebuilding a more resilient transportation system than existed previously.

The primary sources of information for the study were a literature review; a survey of U.S.
state department of transportation (DOT) geotechnical leaders; and interviews with selected
railroad and pipeline geotechnical personnel, visualization research leaders in academia, and
GDV software vendors.

The literature review was used to obtain an overview of the research and development
(R&D) underway in the field of GDV and to sample the case histories that illustrate the value
and limitations of GDV in practice. An exhaustive list of all publications from as few as
the last 10 years would likely run to thousands of citations. Consequently, the bibliography
attached to this report is only a small sampling of the more recent publications. Considering
the current and likely continuing rapid pace of technological change, preference in building
the bibliography was given to more recent publications.

The publications found in the literature review represent a broad spectrum of GDV pur-
poses, technologies, and methods. Although the publications that describe case histories or new
methods are usually for a specific transportation system type (e.g., road, rail, or pipeline), the
lessons learned and methods described are generally applicable to any transportation system.

It is interesting to note that in the literature there are a number of introspective studies of
the impact of visualization technology on the productivity, quality, and mission support in
the sciences and engineering. The conclusion of these studies is that, despite cost and imple-
mentation challenges, visualization technology has improved the pace, quality, and depth of
understanding in the fields where it has been applied.

A survey of state DOT geotechnical leaders was undertaken to determine the type and
quantity of natural phenomena and geotechnical hazards that they face, what geotechnical
data they collect, store and use, and what tools they have at their disposal to visualize geo-
technical data; and to gauge the frequency and effectiveness of their use of visualization in
mitigating geotechnical hazards and responding and recovering from geotechnical disasters
and extreme events. The survey was sent to the geotechnical leaders of the 50 states, the
District of Columbia, and Puerto Rico. Responses were received from 41 states and Puerto
Rico, a response rate of 81%.

On average, state DOT geotechnical leaders and their staffs face five different natural
hazards and seven geotechnical hazards, with some states having as many as eight natural
phenomena hazards and 12 geotechnical hazards to contend with. Although natural hazards
with a geological origin such as earthquakes were reported by many states, the majority of
the natural phenomena hazards the states face are meteorological.

To identify and mitigate this array of hazards, the state DOTs collect, store, and use a
wide range of geotechnical information including exploration and test data, instrumentation

Copyright National Academy of Sciences. All rights reserved.
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data, and remote sensing data. The typical DOT maintains about eight different types of geo-
technical data and six different types of instrumentation data. Some DOTs maintain as many
as 14 geotechnical data types and some have as many as 13 instrument data types to manage.
Geotechnical data management practices among DOTs range from manual data collection
and paper files to the latest instrument data acquisition systems and sophisticated, centralized
information management systems.

The general consensus among the state DOT geotechnical leaders is that visualization of
geotechnical data is valuable for hazard mitigation and disaster response. However, many of
the DOTs noted that a significant gap exists between the desired level of data availability and
visualization tools and their current ability to achieve that level.

Interviews with geotechnical leaders in other transportation system arenas (rail and pipe-
line), indicated that they are faced with similar geotechnical hazards, disasters, and extreme
events. However, because they represent for-profit organizations, they can more aggressively
integrate visualization tools and other technologies into their decision-making processes than
may be possible at the state agencies, where a multitude of goals compete for finite funding.

The R&D underway in the academic world bodes well for the improvement and wide-
spread use of visualization of geotechnical data; not just for hazard mitigation and disaster
response, but for geotechnical engineering in general. Much of the R&D is focused on soft-
ware, hardware, and data management, but development of improved human-machine inter-
action may prove to be the most valuable outcome of this research.

Key findings of the literature review, survey, and interviews may be summarized as follows:

* The natural phenomena hazards that threaten transportation systems throughout the
United States include hazards of geological origin, but are dominated by meteorological
hazards.

» Almost every type of geotechnical hazard threatens transportation systems, but the most
common are unstable rock or soil slopes and embankments, settlement issues, and sinkholes.

* The most costly hazards are unstable rock or soil slopes and embankments.

* Traditional geotechnical, instrument, and remote sensing data are collected and retained,
but some DOTs have yet to implement systems to readily access and visualize the data.

* Most DOTs report that geotechnical hazard mitigation is generally successful and that
visualization of geotechnical data has an important role in identifying hazards and
implementing mitigation measures.

* Most geotechnical leaders would like to have a substantial amount of geotechnical data
available online and on site during geotechnical disaster response, but relatively few
have the facilities to accomplish this goal.

* When available, GDV plays an important role in responding to geotechnical disasters.

* Visualization of geotechnical data also has an important role in long-term recovery from
geotechnical disasters.

Copyright National Academy of Sciences. All rights reserved.
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CHAPTER ONE

INTRODUCTION

WHAT IS GEOTECHNICAL DATA VISUALIZATION?

Although there are a wide variety of potential visualization
approaches and tools, geotechnical data visualization (GDV)
for hazard mitigation and disaster response and recovery can
be very broadly defined as graphic presentation of geotech-
nical data in an attempt to gain insight into the nature of the
problem at hand, and that which can then be used to develop
potential solutions for that problem. The graphic presenta-
tion could range from a simple X-Y plot to an interactive,
three-dimensional view of subsurface conditions in a trans-
portation corridor.

The diagram in Figure 1 illustrates the factors—user, sit-
uation, objective, data, and tools—that generally influence
what, how, and when GDV is used. Clearly, there will not
be one GDV solution for every case: Each user may have
different skills, tools, and goals; and each situation will have
unique conditions and timing. The objectives and the type
and extent of the available data will vary from case to case.
While the factors shown in Figure 1 may lead to widely dif-
ferent GDV approaches for different situations, their com-
mon thread and significant characteristic is a transformation
from data to understanding.

Another definition applicable to visualization of geo-
technical data for hazard mitigation and disaster recovery is
foundinthe Federal Lands Highway Division’s Design Visu-

o

{ 2

Design visualization could be defined
at its simplest as the simulated repre-
sentation of a design concept and its
contextual impacts or improvements.
Traditionally, design visualization
(DV) techniques have been directed
towards better communication of
what the design will look like. This
focus has driven a broad application
of DV in the public involvement
area: Visualization is almost always

a required component of large-scale
infrastructure and transportation
projects. More recently, the focus has
been the integration of DV into the
overall notion of “context sensitive”

design.

alization Guide (http://www.efl.thwa.dot.gov/manuals/dv)
and shown at the bottom of column one While this guide
focuses on the visualization of design concepts in the con-
text of answering the question “How will the project look
when it is done?”, the tools and techniques presented in
the guide could be adopted and adapted to visualization
of geotechnical data for hazard mitigation and disaster
recovery.

The Design Visualization Guide presents a range of routine
and innovative visualization tools and techniques including
image acquisition, photograph manipulation, interactive and
animated two- and three-dimensional applications, stereo-
scopic imaging, analytic simulation, and schedule- or event-
driven four-dimensional visualizations (space and time).

STUDY METHODOLOGY

The methods used to gather the information for this study
consisted of the following:

* A questionnaire submitted to the geotechnical leaders at
the 50 U.S. state Departments of Transportation (DOTs)
and others

* Literature search, review, and synthesis

* Interviews with geotechnical leaders at several rail and
pipeline transportation agencies or companies

* Interviews with several GDV leaders in academia

* Interviews with GDV software vendors.

Study Questionnaire

The purpose of the study questionnaire was to

* Determine the nature of geotechnical hazards and disas-
ters faced by the state DOTs and others in the transpor-
tation sector

e Understand their data management and processing
environment

* Ascertain how they use GDV tools and techniques to
— develop and implement geotechnical hazard mitiga-

tion measures
— respond to geotechnical disasters and extreme events

* Obtain their opinion about the use and value of GDV

tools and techniques.
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FIGURE 1 The factors—user, situation, objective, data, and tools—that generally influence what, how, and when

GDV is used.

The questionnaire, included in Appendix A, consisted of
37 primarily closed-end questions organized in the following
Six sections:

. Hazards, Disasters, and Extreme Events

. Geotechnical Data Management

. Hazard Mitigation to Avert Disaster

. Responding to Disasters and Extreme Events

. Long-Term Recovery from Disasters and Extreme
Events

6. Evaluation and Opinion.

(YA NS I S

Section 1 addressed the types of natural phenomena, geo-
technical hazards, and geotechnical disasters encountered
by the DOTs. The natural phenomena in a region (geologi-
cal and meteorological) generally determine the types of
geotechnical hazards and disasters that may occur. An iden-
tical list of geotechnical hazards and geotechnical disasters
was provided in this section under the presumption that
any geotechnical hazard, if not mitigated, could become a
geotechnical disaster.

Section 2 was used to assess how the DOTs collect, pro-
cess, store, and use geotechnical data when developing and
implementing hazard mitigation measures or when respond-

ing to disaster or extreme events. The general categories of
the questions in this section were:

* Geotechnical data collection, storage, and retention
* Geotechnical instrumentation usage and processing
* Geotechnical remote sensing usage and sources

e GDV software usage and users.

Section 3 was used to determine the types of hazards the
DOTs have attempted to mitigate, and how and when they
have used GDV in these efforts. Respondents were asked to
identify successful and unsuccessful mitigation efforts. They
were also asked to identify how and when GDV is used in a
mitigation project and how visualization affected the outcome
of their mitigation projects.

Section 4 was used to assess how the DOTs use GDV when
responding to disasters. These questions focused on the use
of geotechnical data in the emergency response immediately
following the occurrence of a disaster.

Section 5 was used to assess how the DOTs use GDV
to facilitate long-term disaster recovery. Respondents were
asked to identify the most useful geotechnical data for long-
term recovery and to specify how visualization of the data
helped achieve recovery.
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The questions in Section 6 addressed the frequency and
level of use of GDV by the DOTs and were used to gauge their
opinion on the utility and value of GDV in hazard mitigation
and disaster response.

Responses to the survey questions are summarized in matrix
form in Appendix B and commentary by the study authors is
presented in Appendix C.

Literature Review

The literature review consisted of a search for national and
international journal articles, conference proceedings, ref-
erence works, academic research, thesis publications, and
textbooks related to the collection, storage, processing, and
visualization of geotechnical data. The search was not limited
to uses specific to geotechnical hazard mitigation or disaster
and extreme event response, as it can be expected that some
GDV tools and methods that have been found to be effec-
tive in general geotechnical practice would also be effective
in such cases. Because of the large number of references
found in the literature search, the search results were filtered
to remove references less applicable to the study objectives.
The search results were further filtered by removing refer-
ences that were more than about 10 years old and referred to
outdated technologies.

Interviews

Geotechnical leaders at several railroad and pipeline compa-
nies were interviewed in order to evaluate the similarities and
differences to the state DOTs’ approach to geotechnical hazard
mitigation and disaster response, and to gauge their companies’
use of GDV. Interviews were conducted with Frank Wuttig of
Alyeska Pipeline Company, Lewis Ruder of the Burlington
Northern—Santa Fe Corporation, and Dr. Caleb Douglas of the
Union Pacific Corporation.

Interviews with academic R&D leaders were conducted to
gain an understanding of the potential future of GDV. These
interviews were directed to researchers who are focusing on
visualization of natural phenomena and geotechnical hazards
and who are exploring the challenges of transferring research
and new technologies to geotechnical practice. Interviews
were completed with Dr. Michael Olsen at Oregon State
University, Dr. Tony Szwilski at Marshall University, and
Dr. Gregory Jones at the Scientific Computing and Imaging
Institute of the University of Utah.

Several developers and vendors of GDV software were
also interviewed to examine how their industry participates
in the transfer of visualization technology from research to
practice. The software vendors were also requested to provide
examples images from their GDV software.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

CHAPTER TWO

HAZARDS, DISASTERS, AND EXTREME EVENTS

DEFINITIONS

The following definitions were provided in the preamble to
the questionnaire sent to the state DOT geotechnical leaders:

* Hazard: Condition or situation with the potential to
cause harm.

* Disaster: Outcome of a hazard when it changes from
potential event to actual event.

* Geotechnical Data Visualization: Viewing and/or ana-
lyzing geotechnical data using visual software.

The following additional definitions are provided to clar-
ify terms used in this report:

e Natural phenomena hazard: A natural condition or
extreme event that may threaten a transportation system.

¢ Geotechnical hazard: A threat attributable to the soil,
rock, and/or groundwater beneath or adjacent to a trans-
portation system.

* Geotechnical hazard mitigation: Identification, moni-
toring, design, and construction of mitigation measures
for a geotechnical hazard.

* Geotechnical disaster response: Immediate and short-
term response to a geotechnical event to assist in rescue
efforts, protect public and worker safety, and reduce
transportation system delays or detours.

* Geotechnical disaster recovery: Long-term recovery
from a geotechnical event to restore public safety and
transportation system functionality.

Several systems of classifying natural phenomena haz-
ards have been proposed. For example, the Organization
of America States (OAS) has proposed the classification
system shown in Table 1 (http://www.oas.org/dsd/publica
tions/Unit/oea54e/ch05.htm) and the Centre for Research on
the Epidemiology of Disasters (CRED) in Europe has pro-
posed the system shown in Table 2 (http://www.emdat.be/
classification). Although each of these systems has its pur-
poses and advantages, for report purposes it is simpler to
classify natural phenomena hazard origins as geological
or meteorological (including climatologic and hydrologic
sources) because geotechnical hazards may arise from mul-
tiple natural phenomena hazards: For example, an unstable
slope may arise from seismic activity (geological origin) or
extreme precipitation (meteorological origin). The survey
of state DOT geotechnical leaders indicates that as many as

90% of the geotechnical disasters they have encountered are
the result of meteorological events.

Geotechnical hazards can be naturally occurring condi-
tions (e.g., unstable slopes or soft soils) or can arise from the
constructed features of a transportation system (embankment
fills or cut slopes, etc.). The most commonly encountered geo-
technical hazards are summarized in Table 3. This table also
identifies the potential origin(s) of the geotechnical hazard.

Although the hazards may vary from state to state, and even
region to region within a state, the effective use of GDV tools
and methods in one location can be expected to apply to a
range of conditions, events, and objectives in another location.

The following are several examples of natural phenomena
that have led to geotechnical disasters and damage to trans-
portation systems.

EXAMPLES OF NATURAL PHENOMENA

Landslide, Oso, Washington, March 2014

The landslide disaster of March 22, 2014 near Oso, Wash-
ington (Figure 2), cost more than 40 lives, temporarily
dammed the Stillaguamish River, and blocked Washington
State Route 530. The landslide occurred after a period of
unusually intense rainfall, but the specific causes of the land-
slide are still under investigation. A U.S. Geological Survey
(USGS) website (http://www.usgs.gov/blogs/features/usgs_
top_story/landslide-in-washington-state/) has several other
examples of GDV for this disaster. In addition to a lidar (light
detection and ranging) image similar to the one shown in
Figure 2, the website has a video of a landslide runout model
and seismograph records used to confirm that the landslide
was not caused by an earthquake. While use of high resolu-
tion lidar images and other visualization techniques would
not change the need to route a highway through this valley,
the newer images will likely improve the understanding and
perception of risk to lives and infrastructure.

Rockfall, Thermopolis, Wyoming, 2002

The rockfall on a railway embankment shown in Figure 3
occurred after spring runoff eroded the soil underlying a tufa
formation. Note the ties and rails in the right-center of the
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TABLE 1
HAZARD CLASSIFICATION SYSTEM (OAS)
Category Hazard Examples
Atmospheric Hailstorms, hurricanes, lightning, tornadoes, tropical storms
Seismic Fault ruptures, ground shaking, landslides, lateral spreading, liquefaction, tsunamis,
seiches
Other Geologic or Debris avalanches, expansive soils, landslides, rockfalls, submarine slides, subsidence
Hydrologic
Hydrologic Coastal flooding, desertification, salinization, drought, erosion and sedimentation, river
flooding, storm surges
Volcanic Tephra (ash, cinders, lapilli), gases, lava flows, mudflows, projectiles and lateral blasts,
pyroclastic flows
Wildfire Brush, forest, grass, savannah
TABLE 2
HAZARD CLASSIFICATION SYSTEM (CRED)
Hazard Subgroup Definition Hazard Main Type
Geophysical Events originating from solid earth Earthquake, volcano, mass
movement (dry)
Meteorological Events caused by short-lived, small to meso-scale Storm
atmospheric processes (in the spectrum from minutes
to days)
Hydrological Events caused by deviations in the normal water cycle | Flood, mass movement (wet)
or overflow of bodies of water caused by wind set-up
Climatological Events caused by long-lived, meso- to macro-scale Extreme temperature,
processes (in the spectrum from intra-seasonal to drought, wildfire

multi-decadal climate variability)

TABLE 3
GEOTECHNICAL HAZARDS
Hazard Origin

Natural phenomena
Hazard Geological' Meteorological® Human action
Slopes (natural or cut) X X X
Embankments X X
Slope Creep X X X
Rockfalls X X X
Avalanches X X X
Debris Flows X X X
Settlement or Heave X X X
Sinkholes X X X
Subsidence X X X
Lateral Spreading X
Liquefaction X
Surface Ruptures X
Frost Heave X
Permafrost Thaw/Freeze X
Frozen Debris Lobes X X
Tsunamis X
Seiches X X
Storm Surge X
Wind Blown Soil/Dunes X X

lEaIthquakes, volcanoes.
’Includes hydrological and climatological phenomena.
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FIGURE 2 Landslide, Oso, Washington, March 2014. (Image credit: Puget
Sound Lidar Consortium, 2013.)

photograph that were pushed off the embankment by the
rockfall. A better understanding of the local geology and
seasonal groundwater conditions might have led to hazard
mitigation measures that could have avoided this disaster.

Earthquake Sand Boils,
Seattle, Washington, February 2001

Among the many consequences of the February 28, 2001,
earthquake centered near Nisqually, Washington, was the
appearance of sand boils on King County International Air-
port (aka Boeing Field) taxiways and runways. Liquefied
sand was ejected through pavement joints and cracks opened
by the 6.8 (moment magnitude scale) earthquake as shown
in Figure 4. The sand boils occurred in limited areas on the
taxiway, runway, and in adjacent grass-covered areas, indi-
cating that liquefiable soils in the airport subgrade may be
isolated. The airport is built on a former river floodplain,
which may have buried channels of liquefiable soils that led
to the limited sand boil area. Although the airport area is
almost entirely paved, air photographs from areas upstream

FIGURE 3 Rockfall, Thermopolis, Wyoming, 2002.
(Photo credit: D. McCulloch.)

of the airport indicate the presence of buried former river
channels.

Debris Flows, Beartooth Highway,
Montana, May 2005

A spring rain-on-snow event in the Beartooth Mountains of
eastern Montana resulted in massive debris flows that dam-
aged 13 locations on the steep hairpin highway leading to an
eastern entrance to Yellowstone Park. Figure 5 shows two of
the damage locations (note the damage to the upper switch-
back near the top of the photograph).

Because this highway provides access to the park and is
critical to local economy, a design-build team was awarded a
contract to restore the highway in a single construction sea-
son rather than using a traditional design-bid-build contract
that might have taken more than two years to complete.

GDV tools played a critical role in rapid assessment,
design, and construction of the repairs. The primary visual-
ization tools were air photography and the visualization fea-
tures of the stability and retaining wall design tools used by
the team. Design and construction was a dynamic process:

FIGURE 4 Nisqually Earthquake, February 2001, sand boils,
Boeing Field Taxiway, Seattle, Washington. (Photo credit:
M. Anderson.)
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FIGURE 5 Debris flow, May 2005,
Beartooth Highway, Montana.
(Photo credit: Montana Department
of Transportation.)

Concepts were developed, designs advanced, equipment
mobilized, and materials ordered as explorations, excava-
tions, and construction were in progress. Repairs were com-
pleted in four months at an estimated savings of $6 million.

Landslide and Debris Flow,
Bonners Ferry, Idaho, October 1998

The following description of the geotechnical disaster that
damaged two roads and a railroad is from the National Oce-

11

FIGURE 6 Landslide, October 1998, Bonner’s Ferry, Idaho.
(Photo credit: D. Krammer, Disaster Services, Boundary
County, Idaho.)

anic and Atmospheric Administration’s National Geophysi-
cal Data Center (http://www.ngdc.noaa.gov/hazardimages):

On October 15, 1998, more than 200,000 [cubic yards] of mud
gushed out of North Hill. It covered up a county road, and
destroyed a portion of Union Pacific track and a 200-yard area
of Highway 95. The mass of mud buried almost one million dol-
lars worth of equipment. Note the rails still suspended in air after
the collapse of material beneath them. Highway 95, Idaho’s only
major north-south route, was closed [for] three weeks because
of the slide.

The buried equipment was being used to cut into the toe of
slope. The cut exposed saturated, soft and loose, prehistoric
glacial lake sediments which are seen in the debris runout in
the lower part of the photograph in Figure 6.
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CHAPTER THREE

GEOTECHNICAL DATATYPES AND SOURCES

The greatest challenge to those responsible for hazard miti-
gation and disaster response is often simply accessing, view-
ing, and interpreting geotechnical data in a consistent and
convenient format. The following sections provide an over-
view of geotechnical data sources and the methods used to
store and access the data.

RECONNAISSANCE, EXPLORATION,
AND TESTING

The variety and complexity of geotechnical data obtained
by field reconnaissance, exploration, and field and labora-
tory testing can be demonstrated by a review of any of sev-
eral guidance documents for geotechnical investigations.
For example, the Manual on Subsurface Investigations
(AASHTO 1988) lists more than 20 general subsurface data
requirements concerning stratum boundaries, groundwater,
foundation support, slope stability, seismicity, material prop-
erties, and so on. These data requirements are applicable to
roadways, air fields, rail and transit track beds, tunnels, cul-
verts and pipes, cuts and fills, and associated transportation
structures.

The AASHTO manual also includes guidance for con-
ducting, compiling, and presenting geotechnical data from
field reconnaissance, engineering geophysics, subsurface
exploration, in situ testing, hydrogeologic investigation, and
laboratory testing of soil and rock.

INSTRUMENTATION

Instrumentation is a general term for sensors and data
acquisition devices used to measure temporal changes in
soil, rock, groundwater, and structures. Instrumentation
is distinguished from remote sensing (see next section) in
that the sensor is installed in or on the ground or structure;
whereas remote sensing devices provide measurements
without being in contact with or modifying the measured
object.

Geotechnical instrumentation includes piezometers, slope
movement devices, displacement and strain gages, exten-
someters, pressure cells, thermistors, and other sensors
that are used to repeatedly measure the condition of the
soil, rock, groundwater, or structure at a specific location
and time. These instruments are generally precise, accu-

rate, and robust; and can be left unattended and monitored
remotely. Instrumentation automation is essential for rapid
visualization of geotechnical measurements. Most geo-
technical instrumentation has the disadvantage of provid-
ing point measurements in situations that may require more
comprehensive measurements; and, in some instances, the
installation of the instrument can alter the original con-
dition of the soil, rock, groundwater, or structure being
measured.

REMOTE SENSING DEVICES

As noted, remote sensors are a special class of instruments
that acquire information without being in contact with or
modifying the object or area being measured. Some of the
remote sensing technologies that are commonly used to
acquire geotechnical and geophysical data are shown in Fig-
ure 7. Remote sensing devices are generally classified as pas-
sive or active, depending on whether they rely on reflected
wave energy or emit and receive wave energy from the object
being measured.

GEOPHYSICAL DEVICES

Remote sensors for geophysical applications are a sepa-
rate group of devices used to measure gravitational, mag-
netic, electrical, or seismic properties of the subsurface. The
devices generally require a driving force, and the ground
response to the driving force is measured by passive sen-
sors. The devices provide a relative measure of subsurface
properties which can be used to infer such features as dif-
fering soil unit thickness, location of soft zones or voids, or
groundwater depth.

Remote sensing devices can be airborne (aircraft or
satellite) or ground-based. Many remote sensors can only
acquire ground surface data, but geophysical remote sens-
ing devices can provide images of subsurface conditions. A
comprehensive review of spaceborne and airborne remote
sensing for geotechnical applications is provided in Rathje
et al. (2000).

Although the precision and accuracy of remote sensors
vary widely, some devices can provide sub-millimeter accu-
racy. Specialized software and personnel are generally required
to process raw remotely sensed data, but processed remote
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FIGURE 7 Remote sensing and geophysics for geotechnical applications.
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FIGURE 8 Bouguer microgravity survey of low density subgrade. (Contour plot credit: Parsons Transportation Group.)
(Photograph credit: P.Van Horne.)

sensing images and surveys are available from several public
and commercial sources.

An example of a remote sensing method is shown in Fig-
ure 8. The colored contours in the plan view are the results
of a Bouguer microgravity survey (gravimetric survey) to

determine the extent of potential voids or low density sub-
grade beneath a roadway pavement. The green and yellow
contours indicate locations of potential voids or low density
subgrade. The distressed pavement in the curbside lane of
the roadway shown in the photograph is identified as “Low
density zone A” in the plan view.
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CHAPTER FOUR

LITERATURE REVIEW

Approximately 200 national and international journal arti-
cles, conference presentations, academic research reports,
and thesis publications related to the collection, storage,
processing, and visualization of geotechnical data are pro-
vided in the bibliography of this study report. The bibli-
ography was developed from focused searches of British
Library Inside Conferences, Civil Engineering Abstracts,
Earthquake Engineering Abstracts, EI Compendex, GEO-
BASE, GeoRef, National Technical Information Service,
ProQuest Dissertations and Theses, Transport Research
International Documentation (TRID), and the web. The
searches used key words related to visualization of geo-
technical data without restricting the search results to spe-
cific reference to geotechnical hazard mitigation or disaster
response. The search results were filtered visually to remove
any off-topic results.

The distribution of the sources of the bibliography entries
is shown in Figure 9. Although the sampling procedure for
the bibliography was not random, more than 40% of the
entries are from dissertations, which is likely a reflection of
the level of interest in GDV in academia.

The distribution of the major topics of the bibliographic
entries is shown in Figure 10. The major topic categories
were defined as:

 Hazards: Identification, classification, mitigation, or visu-
alization of natural phenomena and geotechnical hazards.

¢ Instruments: Use of geotechnical instruments or instru-
mentation software for hazard monitoring.

Web Site, 300 Manual, 1%

News, 700
| __— Thesis, 4200

Joumal, 1480

\

Symposium,
1500

Report, 1800

FIGURE 9 Bibliography source distribution.
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* Remote sensing and geophysics: Use of remotely sensed
data or remote sensing software for geotechnical hazard
or disaster monitoring.

* Geographic Information System (GIS): Use or develop-
ment of geospatial techniques for geotechnical hazard
or disaster monitoring and evaluation.

* Risk: Application of risk assessment or risk analysis
methods to geotechnical hazard mitigation or disaster
response.

» Data management: Use or development of data manage-
ment methods to organize and visualize geotechnical
data.

* Modeling: Use or development of numerical or physical
models to evaluate geotechnical hazards.

» Technology: General discussion of the state and future
of GDV techniques and software.

Many of the entries could fall in two or more categories.
For example, several of the entries categorized as “remote
sensing” also address incorporating the remotely sensed data
into a GIS application.

The major takeaways from the literature review are: one,
the breadth and depth of the technologies and methods being
developed and used for visualization of geotechnical data;
and two, the pace at which this technology changes. The new
developments and applications will improve geotechnical
engineering professionals’ ability to visualize and solve geo-
technical hazard mitigation and disaster response issues; but
it will also challenge them to keep abreast of and adopt the
new technologies.
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FIGURE 10 Bibliography subject distribution.
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CHAPTER FIVE

CURRENT GEOTECHNICAL VISUALIZATION TECHNOLOGY

The data visualization tools available to the practicing geo-
technical engineer range from simple x-y graphing programs
to sophisticated software systems that integrate multiple
graphics tools with complex databases and data and image
acquisition software. Visualization software is available in
proprietary and open-source formats. Open-source software is
developed and supported by an online community of develop-
ers and users and is generally free to the end user. Most of the
GDV tools available today are desktop software programs;
but online, cloud-based tools are becoming more available.

Geotechnical engineers have the multiple challenges of
identifying which visualization tools to apply in any situation
(e.g., hazard mitigation, disaster response); knowing how to
effectively apply the tools; and keeping abreast of new tech-
nology. The following sections provide an overview of the
available types and variety of GDV software.

Although this study report is focused on visualization of
geotechnical data for hazard mitigation and disaster response,
the visualization tools discussed in this report are equally
applicable to transportation system activities such as planning,
design, construction, and maintenance. The number of different
software programs cited in the following sections was deter-
mined from a search of the geotechnical literature and Internet
for geotechnical software vendors, open source organizations,
and online software providers (see Figure 11). The software
titles identified in the search are listed in Appendix D. Inclusion
of a software title in these lists does not imply an endorsement
of the product by the National Academies of Science or the
TRB. There may be other software programs not identified by
this search that are being used by geotechnical professionals.

SPREADSHEET SOFTWARE

There are about three dozen different proprietary desktop
spreadsheet programs; at least seven proprietary online spread-
sheet programs; and a dozen or so open-source spreadsheet pro-
grams available. Despite this variety, every geotechnical leader
at the DOTs and railroad and pipeline companies reported that
they and their staff use the same desktop program. The advan-
tages of using a common spreadsheet program include ease of
sharing data and methods.

The most common use of spreadsheet programs for visu-
alization of geotechnical data is to generate x-y graphs to

explore and illustrate data relationships. Most spreadsheet
programs also have the capability to generate pie, bar, and
other chart types that may be useful in geotechnical engi-
neering practice.

The widespread use of spreadsheet programs in visualiz-
ing geotechnical data is a double-edged sword. A spreadsheet
program provides powerful calculation and visualization
capabilities while being relatively easy to learn. However,
the proliferation of spreadsheet files can be a data and file
management challenge and difficult to maintain with a
high level of quality control. Concern for spreadsheet qual-
ity control led to formation of the European Spreadsheet
Risks Interest Group (http://www.eusprig.org/index.htm).
Although most of the cautionary tales on this website refer
to disciplines other than engineering, the lessons learned
and advice offered are applicable to geotechnical uses of
spreadsheet programs.

BORING LOG GENERATORS

Boring logs are generally the geotechnical engineer’s pri-
mary method of visualizing and presenting subsurface infor-
mation. Whether they are soil boring logs, rock core logs,
cone penetration test logs, or any of a number of other sub-
surface explorations, the log typically contains a visual rep-
resentation of one or more subsurface data elements versus
depth or elevation (see Figure 12). This visual representation
provides the geotechnical engineer with a first-order analysis
of soil or rock layering, groundwater location, and material
properties.

A boring log (or other log type) generator is a software
program that accepts user data input, stores the data electron-
ically, and outputs a completed log to hard copy or an elec-
tronic file. Most boring log generators required that the data
be input manually, but some have the capability of accepting
data from hand-held mobile devices.

Approximately 40 proprietary and shareware desktop bor-
ing log generators are available; although spreadsheet and
computer-aided drafting (CAD) programs are also used to
generate boring logs. The most comprehensive boring log gen-
erators are supported by a desktop or server database and can
be used for logs of soil, rock, core penetration tests, and other
subsurface explorations.
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FIGURE 13 Typical fence diagram.

Approximately 70% of the DOTs surveyed use the same
vendor’s fence diagram generator.

LABORATORY SOFTWARE

Laboratory software includes programs to control laboratory
tests, record laboratory data, convert the data to meaningful
engineering units, and visualize and present laboratory test
results.

More than 80 proprietary desktop laboratory programs are
available to geotechnical laboratory technicians and engi-
neers. Some of these programs only calculate the results of
a specific test or control and measurement, but many have at
least a rudimentary capability to visualize test results. The
most comprehensive laboratory programs are supported by
a desktop or server database, have strong visualization fea-
tures, and integrate well with other geotechnical applications.

Approximately 60% of the DOTs surveyed use laboratory
software. Despite the wide variety of commercial software
available, approximately 20% use department-developed pro-
grams or spreadsheets to record, calculate, and visualize their
laboratory data.

GENERAL PURPOSE DATABASE SOFTWARE

General purpose database software includes proprietary and
open-source programs that efficiently collect, store, and
retrieve large quantities of geotechnical data. This software

TD Elev. -26.00 ft

Laaisn 18

TD Elev. -33.50 ft

is often used in conjunction with other software applications,
such as the boring log generators and laboratory software
described previously.

At least a dozen geotechnical-oriented proprietary desk-
top database programs are available. These applications can
be used to store a wide variety of geotechnical data includ-
ing exploration data, laboratory data, and analytical results.
These applications are built on the same proprietary or open-
source database engines that underlie many database appli-
cations in other disciplines.

About 46% of the DOTs surveyed use general purpose
database software to support visualization of geotechni-
cal data. However, no single vendor’s software dominates
this area.

GENERAL PURPOSE X-Y GRAPHING SOFTWARE

In addition to the ubiquitous spreadsheet, there are more
than 100 proprietary and open-source x-y graphing programs
available for the desktop or on line. This software is used to
visualize data relationships and time trends for field and labo-
ratory data. Some of these programs also have basic statistical
analysis capabilities.

About 40% of the DOTs surveyed report using general
purpose x-y graphing software; however, approximately half
are using spreadsheet software for this purpose.
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FIGURE 14 Sample GIS application.

GENERAL PURPOSE CONTOURING SOFTWARE

Contouring software is used to visualize three-dimensional data.
The most frequent geotechnical use concerns ground surface
topography and subsurface contacts, but the contouring is also
useful for visualizing multi-dimensional data relationships; for
example, contours of limit equilibrium factor of safety against
sliding for a range of cohesion and angle of friction values.

Geotechnical engineers have a choice of about two dozen
proprietary and open-source contouring programs. The major-
ity of these programs are desktop rather than online applica-
tions. The more comprehensive contouring programs have
strong visualization features and can import three-dimensional
data and support image overlays from a variety of sources.

About 40% of the DOTs are using contouring software.
Among those DOTSs using contouring software, approximately
35% are using CAD software for this purpose.

GEOGRAPHICAL INFORMATION SYSTEMS

GIS are a class of software that integrates spatial and other
data with map-based visualization. GIS applications are
especially useful for creating thematic maps and inter-
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active maps that display the data behind the images on the
screen.

There are about 20 proprietary desktop and server-based
GIS software packages and eight open-source GIS packages.
However, one software company currently dominates the GIS
market; among the 46% of DOTs using GIS software, only
one is using another vendor’s software.

The image in Figure 14 illustrates a typical GIS geotech-
nical application. The colored overlays identify a landslide
zone and specific landslides or debris flow events on a bluff
above a major commuter and freight railroad. Each red sym-
bol is the location of an investigation of a prior landslide or
debris flow event. In the center of Figure 14 is a box pro-
viding a photograph and additional information about the
event, which can be retrieved by clicking on one of the event
location symbols.

INSTRUMENTATION SOFTWARE

Instrumentation software includes programs to schedule, col-
lect, process, and visualize data from an array of field-installed
instruments. Some instrumentation software serves a specific
instrument type; for example, inclinometer software is often
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a single purpose application that reduces instrument readings
to engineering units and presents the results as a visual rep-
resentation of displacement versus depth. Other instrumenta-
tion software is more general, serving a variety of instrument
types and providing at minimum rudimentary graphing capa-
bilities for data visualization.

There are at least 17 proprietary general purpose desktop
and web-based instrumentation programs available. All are
supported by a database to manage and store the large quan-
tity of data generated by instrumentation arrays. The more
comprehensive systems schedule and collect raw instrument
data, reduce the data to engineering units, and provide flex-
ible graphing capabilities for visualization.

IMAGE ANALYSIS SOFTWARE

Image analysis software describes a broad class of programs
that are used for spectral analysis, spatial pattern analysis,
difference analysis, and similar analyses of high resolution
images. The software to be used depends heavily on the scale
of the images, which can range from thin-section images to
satellite images. One of the key applications of image soft-
ware is difference analysis—a comparison of images of the
same location taken at different times. Image analysis soft-
ware is used to automate the process of finding and highlight-
ing the differences between two images.

Atleast 10 image processing software packages are avail-
able, of which several are open-source packages. Because
of the different purposes of image processing and different
scales of the images to be processed, it is unlikely that any
single image processing package would serve all needs.

About 22% of the DOTs surveyed report that they use
image analysis software. The software that they use is a mix

of GIS, terrain modeling, and ground penetrating radar (GPR)
post-processing software.

WEB-BASED IMAGING SYSTEMS

Web-based imaging systems provide the geotechnical engi-
neer with a convenient, and often inexpensive, method of
obtaining air photographs, LiDAR, satellite and other remote
sensing images. Public agencies such as USGS, NASA, and
other government agencies provide free and low-cost images.
Several free, but copyrighted, sites and commercial sites are
available as well.

While only about 20% of the DOTs surveyed reported
using web-based imaging systems, it is clear that more DOTs
are using these systems because of the number of DOTs who
report using LiDAR, satellite images, and other remotely
sensed data.

OTHER APPLICATIONS

Many geotechnical analysis software packages also include
visualization features. For example, software packages for
stability, pile capacity, and retaining wall analysis often
incorporate useful visualization tools. Finite element and
finite difference soil-structure interaction software packages
frequently have multiple visualization features including x-y
graphing and contouring.

Other potential sources of visualization software are
the fields of mineral and energy exploration, biology, and
medicine. More effort appears to have been expended to
develop data visualization tools in these fields than in the
geotechnical field, advances that might be adaptable to
GDV uses.
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CURRENT PRACTICE AND EXPERIENCE

The following sections generally describe the state of the
practice with respect to visualization of geotechnical data
rather than the state of the art. It is evident from the study sur-
vey and interviews that the state of the practice encompasses
a wide range of experience and tools.

DATA MANAGEMENT

Data management refers to the collection, storage, and retrieval
of data. Results of the survey of state geotechnical leaders
indicate that most DOTs store their geotechnical data in some
combination of paper and electronic files. Among all of the
geotechnical data identified by the DOTSs, approximately 28%
are kept as paper only, 27% are kept in electronic form only,
and 45% are kept in both formats. On average, the DOTs keep
seven different types of geotechnical data.

The survey also indicates that only about 10% of the DOTs
are using a centralized database capable of storing multiple
types of geotechnical data. This suggests that many of the
DOTs are storing data in isolated, and likely incompatible, for-
mats, making it difficult to visualize related data. For example,
laboratory data may be stored separately from boring log or
instrumentation data. If these data were stored in a common
database, retrieval and visualization of related data would
likely be easier to accomplish. Interviews also indicated that
re-use of geotechnical information is limited by the lack of
a common data format and storage location. Inefficient loca-
tion and retrieval of historical data often leads to unnecessary
replication.

The ability to rapidly access and visualize geotechnical data
may not be critical to the success of a geotechnical hazard miti-
gation project or long-term recovery from a geotechnical disas-
ter; however, during the immediate and short-term response to
a geotechnical disaster, speed is essential to organizing rescue
efforts, maintaining public safety, and minimizing transporta-
tion system impacts. A common database could expedite the
retrieval and visualization of critical geotechnical data.

Adopting a standard data interchange format could greatly
improve data management for the DOTs, facilitating storage
and retrieval of data within the organization and simplify-
ing data delivery for third-party data providers (e.g., drillers,
laboratories, consultants). Having a standard data interchange
format for geotechnical data also would encourage visualiza-

tion software developers to incorporate the standard in their
products, making GDV simpler to achieve throughout a DOT.
Because a number of the state DOTs and the ASCE’s Geo-
Institute have participated in the development of the DIGGS
standard (described later in this chapter), it may be reasonable
to assume that DIGGS will eventually become the de facto
standard for all state DOTs.

GEOTECHNICAL ANALYSIS

Only a few geotechnical analysis software packages, including
slope stability, settlement, retaining wall, and terrain modeling
software packages, were identified in the survey of the state
DOTs. Because geotechnical analysis software was not the
focus of the survey, respondents may not have identified this
software as having a significant role in visualization of geo-
technical data; however, it can be assumed that the geotechnical
engineering staff at the state DOTs use more analytical and
numerical software packages than were identified in the survey.

The visualization capabilities of geotechnical analysis soft-
ware packages are continually improving. This is true with
respect to visualization of input parameters and analytical
results, but also with respect to parameter entry. Command-line
and form-driven parameter entry processes are being replaced
by more effective and intuitive graphical interfaces.

INSTRUMENTATION

Geotechnical instruments are a significant source of data for
the state DOT geotechnical engineers (see Figure 15). About
95% of the DOTs report using inclinometers; 88% are using
piezometers; 83% are using settlement gages; and 73% are
using open stand pipe wells on their projects. Other less com-
mon instruments include optical and automated surveys, load
and displacement gages, and seismometers.

Nearly all (93%) of the state DOT geotechnical leaders
report that expert opinion and engineering judgment is a pri-
mary driver of the decision to use instruments on a geotechnical
project. About one-third of the DOTs use risk analysis meth-
ods to support the opinions and judgments. (The study survey
did not ask what type of risk methods were used, but presum-
ably they are typical qualitative and quantitative risk assess-
ment and risk management methods.) Only 17% of the DOTs
reported that geotechnical instrumentation is required by the
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FIGURE 15 Geotechnical instruments used.

department, and that they use expert opinion, engineering judg-
ment, and analysis to determine which instruments to use.

A critical step in using geotechnical instruments is establish-
ing warning and action levels for each instrument. Approxi-
mately 90% of the state DOTSs reported that expert opinion and
engineering judgment are used to set warning and action levels.
Nearly 70% use some form of analysis to support the opinions
and judgments, and about 40% also use field or laboratory tests.
Only about 16% rely solely on opinions and expert recommen-
dations. One respondent noted the potential for adverse con-
sequences arising from instrumentation false alarms. While a
low frequency of false alarms is a desirable goal for geotechni-
cal instruments, some understanding of the significance of the
instrument readings must be incorporated in any instrumenta-
tion system to realize the full value of the data collected.

Geotechnical instrumentation data are collected and stored
in a variety of formats, including manual readings recorded
on paper, portable recording devices, and highly automated,
database-driven systems accessible by the web. Portable
recording devices are hand-held, usually battery-powered,
and generally require field personnel to connect them to an
installed sensor to record a current reading. Data from por-
table devices are typically uploaded to another system for
processing and interpretation. Automated systems are either
permanently connected to an array of sensors or can contact
the sensors at specified time intervals. In some cases, auto-
mated systems can also serve as the data processing and
interpretation system or transmit readings directly to another
system for processing and interpretation.

Nearly 90% of the DOTs report using manual methods
to record instrument data; 70% are using portable electronic
devices; and 60% are using automated data acquisition sys-
tems. Approximately 40% of the DOTs use two of these col-
lection methods; and 36% use some combination of all three
methods.

About 90% of the state DOTs use spreadsheets to man-
age their instrument data; 53% use vendor software; 22%
use department developed software; and about 10% use web-
based instrumentation software. Nearly 90% of the DOTs
use two or more methods to manage their instrument data.
The variety of formats used to store and retrieve data is very
likely a significant obstacle to the efficient and effective visu-
alization of instrumentation data in the DOTs.

REMOTE SENSING DATA

Nearly 80% of the state DOTSs use air photography, and about
60% use LiDAR, topographic data, and satellite images (see
Figure 16). About 25% use some form of radar data; for exam-
ple, synthetic aperture radar (SAR), interferometric synthetic
aperture radar (inSAR), or GPR. Less than 5% report using
thematic data. The typical DOT uses three to four different
forms of remotely sensed data and images.

The primary sources the DOTs use for remotely sensed
data are free websites, department generated data, and the
USGS. About 60% of the DOTs use these sources. About
25% of the DOTs use commercial and U.S. Department of
Agriculture data.

HAZARD MITIGATION

The state DOT geotechnical leaders report that data visual-
ization is used in nearly all aspects of geotechnical hazard
mitigation; 60% to 70% report using GDV in identifying,
assessing, monitoring, analyzing, designing, and construct-
ing hazard mitigation measures. The importance of GDV in
the development and implementation of these measures is
also widely noted: About 60% of the DOTSs reported it has
contributed to better identification, assessment, monitor-
ing, analysis, and design of geotechnical hazard mitigation
measures.
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FIGURE 16 Remotely sensed data usage.
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More than 70% of the DOTs report having used GDV in
the successful mitigation of unstable embankments and land-
slides; 50% to 55% of the DOTs have used it in the success-
ful mitigation of settlement or heave hazards and rockfall
hazards; and about 40% of the DOTs have used visualiza-
tion in the successful mitigation of sinkhole hazards. Fewer
DOTs have had to mitigate other geotechnical hazards, such
as slope creep, debris flows, avalanches, and frost heave; but
GDV has contributed to such efforts.

However, visualization of geotechnical data is not a guar-
antee of successful hazard mitigation. About 20% of the state
DOT geotechnical leaders report that they have been unsuc-
cessful in mitigating one or two types of geotechnical haz-
ards; and the unsuccessfully mitigated hazard types are often
the same as the successfully mitigated ones.

Approximately 70% of the DOTs report that GDV has
helped in implementing measures to improve public safety;
35% to 40% believe that visualization has helped improve
worker safety and traffic mobility; and 20% believe that
visualization has helped improve the speed of implementing
hazard mitigation measures.

DISASTER AND EXTREME EVENT RESPONSE

Visualization of geotechnical data during disaster or extreme
event response is limited at many of the state DOT geotech-
nical divisions. Only about 30% of the DOTs report having
disaster-ready visualization access to such basic geotechnical
data as boring logs, geologic maps, and geotechnical reports.
In spite of these apparent limitations, about 60% of the DOTs
use visualization of geotechnical data in damage assessment,
safety analysis, and temporary repair design when respond-
ing to geotechnical disasters or extreme events. Between
40% and 50% have used GDV during construction of tem-
porary repairs and to maintain public and worker safety; and
20% to 30% have used GDV to facilitate communication,
coordination, and traffic control.

The relatively widespread use of GDV following disasters
or extreme events indicates the value placed on it in such cir-
cumstances. This is supported by the large percentage of DOT
geotechnical leaders who would find almost all geotechnical
data useful during disaster response; about 80% reported that
they would find boring logs, geotechnical reports, ground-
water data, as-built drawings, geologic maps, and pre-event
photographs helpful.

LONG-TERM DISASTER RECOVERY

Long-term disaster recovery refers to activities undertaken well
after the emergency response period, including the planning,
design, and construction necessary to remediate the damages
and to at least restore the transportation system to its pre-
disaster safety and functionality. Long-term recovery often
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affords a transportation agency the opportunity to build a more
resilient system than existed previously. About 87% of the state
DOT geotechnical leaders report that they use GDV during
the design phase of long-term disaster recovery; 60% to 70%
report that they use visualization during assessment, planning,
analysis, and construction of long-term remediation measures.

The state DOT geotechnical leaders’ responses to this sur-
vey question were generally similar to their responses to the
same question in the context of geotechnical hazard mitigation.
The exception to this generalization is in the design phase;
75% of the DOTs report using GDV in the design of hazard
mitigation measures, whereas 87% report using visualization
in the design of long-term disaster recovery measures. The
responses may imply that geotechnical hazard mitigation and
long-term disaster recovery are similar processes that do not
have the urgency associated with disaster response, and that
consequently, the DOTs have more time to retrieve and visual-
ize geotechnical data.

The DOTs were asked to indicate how GDV affects their
ability to achieve a more efficient and effective recovery from
a transportation disaster. About 70% responded that using
GDV during long-term recovery from a disaster led to a more
economic design and construction process; about 65% of the
DOTs reported that visualization contributed to improved
public safety; and approximately 60% said that visualization
led to a more rapid recovery. Just over 40% of the DOTs noted
that visualization led to improved worker safety and about
25% said it improved public communication and recovery of
traffic mobility.

VISUALIZATION USAGE AND EXPERIENCE

The final section of the study survey asked the state DOT geo-
technical leaders to do a self-evaluation of their use of and
experience with GDV tools in order to gauge the current level
of their expertise in applying these tools to solving the hazard
mitigation, disaster response, and disaster recovery challenges
they face.

About 29% of the state DOT geotechnical leaders reported
that their organization is a frequent user of GDV tools; approx-
imately 37% are occasional users; and about 29% of the DOTs
use these tools only rarely. One DOT (2%) never uses these
tools, and another did not know its organization’s level of use.
The total of about 66% who are frequent or occasional users
is generally consistent with the overall level of usage that can
be inferred from the responses to other questions in the survey.

Among the DOTs that do use GDV tools, just over half
consider their organization to be at an entry level of expertise,
about one-third are at an intermediate level, and 12% consider
their organization to be at an expert level. A previous study of
DOT usage of advanced geospatial tools (Olsen et al. 2013)
concluded that a higher level of expertise exists in the DOTs
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than the current study would imply; however, that study sur-
vey targeted geospatial and “other relevant contacts” within
the DOTs, whereas the current study survey targeted the DOT
geotechnical leaders. It is reasonable to assume that a DOT’s
geotechnical staff may rely on other staff within the organiza-
tion to provide a high level of visualization expertise.

The state DOT geotechnical leaders were asked to rank
their agreement or disagreement with the following three
statements:

* GDV improves our ability to mitigate geotechnical
hazards.

* GDV improves our ability to respond to geotechnical
disasters.

* GDV improves our ability to achieve long-term recov-
ery from geotechnical disasters.

The responses were remarkably consistent, with 90% to 93%
of the DOTSs agreeing or generally agreeing with all three state-
ments. This implies that the state DOT geotechnical leaders
understand the purpose and value of data visualization even
if they may not yet have the tools and expertise to take full
advantage of it.

VISUALIZATION USERS

Almost 90% of the state DOTs report that their geotechnical
engineering staff is using GDV tools, and nearly 70% report
that their staff geologists use these tools. Between 15% and
25% of the DOTs said that managers, planners, designers,
laboratory staff, and other engineering disciplines use GDV
tools, but fewer than 5% report that first responders to geo-
technical disasters use these tools.

Based on the types of software that the state DOT geotech-
nical leaders identified as being used in their organizations,
it can be assumed that most geotechnical personnel are pro-
ficient with one or more applications (e.g., spreadsheet, bor-
ing log generator, instrumentation software). However, with
the exception of those few state DOTSs that use a centralized
database, most geotechnical personnel likely do not have easy
visual access to all of the available geotechnical data.

VISUALIZATION ISSUES

Responses to the study survey indicate that usage of a geo-
technical data interchange standard within the individual state
DOTs is limited. Use of a geotechnical data interchange stan-
dard would simplify the collection, processing, and retrieval of
geotechnical data for rapid visualization.

A data interchange format is a specification of a structured
data file based on the open-source Extensible Markup Lan-
guage (XML) produced by the World Wide Web Consortium.
The human and machine-readable file contains the data in a

specified order, a description of the data, and a description of
the data sequence within the file.

The advantages of a data interchange format are that the
data generator knows how to deliver the data; the software
developer understands how to read the data; multiple users can
read and use the same data; and data quality is maintained at
every step. This concept has been successfully applied by the
EPA in its Staged Electronic Data Deliverable (SEDD) stan-
dard. The land surveyors and architects have used landXML,
an XML-based data interchange format, to collect, process,
and share surveying and civil engineering data since 2000.

At least three XML-based data interchange formats have
been proposed for geotechnical data, including:

 Data Interchange for Geotechnical and Geoenvironmen-
tal Specialists (DIGGS, www.diggsml.com)

 Spatial Data Standard for Facilities, Infrastructure, and
Environment (SDSFIE, www.sdsfieonline.org)

e Association of Geotechnical and Geoenvironmental
Specialists (AGS, www.ags.org.uk).

The SDSFIE format is a U.S. Department of Defense stan-
dard; AGS is a standard developed in the United Kingdom
(UK); and DIGGS was developed by a group that includes
the FHWA, U.S. Army Corps of Engineers, EPA, USGS, the
UK Highway Agency, and 11 state DOTs.

Among the issues raised during the study interviews was
that reliability and scale are critical considerations for the
use of GDV. Using flawed visualization tools or data to make
decisions about geotechnical hazard mitigation or disaster
response may make the situation worse rather than better.

The data underlying any visualization, geotechnical or
otherwise, must meet the reliability criteria of completeness,
correctness, timeliness, and integrity:

* Completeness refers to the percentage of relevant infor-
mation contained in the data. For example, one might
catalog all of the exposed joints in a rock mass, but the
data set may be incomplete because of hidden joints.

* Correctness refers to the accuracy and consistency of
the data. The depth to groundwater, for example, is typ-
ically measured at a few locations to the nearest 0.1 foot
with some degree of measurement uncertainty. The few
measurements are then projected between locations,
adding another level of uncertainty.

* Timeliness refers to the age of the data. The passage of
time can add uncertainty to the most complete and cor-
rect measurements.

* Integrity refers to the steps taken to ensure that the data
remains complete and correct.

The criteria may not require 100% completeness or correct-
ness; it is difficult to collect and maintain any type of data,
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and especially geotechnical data, without some level of uncer-
tainty. However, the inherent uncertainty in the data must be
understood by the user and, preferably, be displayed in the
visualization. For example, it is not uncommon to see error
bars or error bands on an x-y plot, but it is rare to see a con-
tour plot or LIDAR image with a visual or textual expression
of the uncertainty associated with the plot or image.

The issues of geotechnical data reliability extend to the
software and hardware used to visualize the data. For exam-
ple, x-y-z contouring software provides a surface projection
based on a finite number of measurement points. A value
taken from an arbitrary point on the surface has an associated
uncertainty that is a combination of data and projection uncer-
tainties. Hardware can also be problematic: For example, if
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the resolution of the user’s screen or printer is much different
than the resolution of the underlying data, the user may “see”
distinctions that are not supported by the underlying data or
may miss important information.

Scale issues arise in GDV because geotechnical data are
measured at scales ranging from particle size to satellite
images. Although no one is likely to attempt to integrate geo-
technical data from the entire scale range into a single visu-
alization, it is possible that someone could be interested in,
say, site-specific to corridor-level visual integration. In such a
case, the user must be aware of problematic factors in larger
scale visualizations—e.g., that the level of uncertainty associ-
ated with corridor level data may overshadow more precise,
site-specific data.
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CHAPTER SEVEN

CURRENT RESEARCH AND DEVELOPMENT

ACADEMIC RESEARCH AND DEVELOPMENT

The breadth and depth of academic R&D bodes well for the
future of GDV. For example:

e The University of Utah’s Scientific Computing and
Imaging Institute’s visualization projects include mod-
eling, display, and understanding uncertainty for policy
decision making; situational awareness visualization;
and more general studies of uncertainty visualization.

* One focus of Marshall University’s Center for Environ-
mental, Geotechnical and Applied Sciences is visualizing
geohazards and their impacts on society, including impacts
on transportation systems.

* The Civil Engineering Geomatics research group at
Oregon State University integrates geomatics engineering,
computer science, geotechnical engineering, and geology
to analyze hazards in civil engineering. Its focus is on
applications of terrestrial laser scanning and geographic
information systems.

» Focusing on a smaller scale subject, the University of
Michigan’s Geotechnical Research and Visualization
Engineering Laboratory is developing advanced visual-
ization software and hardware for soil characterization.

» Temple University’s Coe Geotechnical Research Group
is studying laboratory- and field-scale non-destructive
and geophysical methods for visualizing the subsurface
and their applications to geotechnical issues related to
development, rehabilitation, and maintenance of infra-
structure systems.

Among other universities actively engaged in research
and development in the area are Columbia, Harvard, lowa
State, and Louisiana State; the universities of Alaska,
Florida, Illinois, Kentucky, Virginia, and Washington; the
University of California-Davis, the Massachusetts Institute
of Technology, Rensselaer Polytechnic Institute, Michigan
Technological University, and Virginia Polytechnic Insti-
tute and State University.

As suggested by this small sampling, current academic
R&D will likely have near-term benefits for the practicing
geotechnical engineer. In addition, there is much academic
research underway to resolve more fundamental visualization
issues such as better algorithms, better hardware, and, per-
haps most importantly, better human-machine interfaces. The

human-machine interface includes the hardware (keyboards,
pointers, and screens) and visible portion of the software that
we use to enter data, control processing, and generate the
text and images needed to understand and solve the problem
at hand. Better algorithms are needed to process the larger
and larger data sets being encountered; better hardware is
needed to quickly and accurately display the underlying data;
and better human-machine interfaces are needed so that users
can retrieve important information and arrive at decisions
more confidently and quickly.

COMMERCIAL DEVELOPMENT

The following quote (Moore, 2010) generally characterizes
the commercial software industry.

For me the difference between Technology and Product is the
motivation for writing them: Technology is written because it
is interesting, cool, solves a problem in an innovative way and
pushes our understanding of computer science further . . . some
of this technology will turn into massively successful commer-
cial software but this is often done as an afterthought or as a
reaction to a highly successful piece of research. Product is
written to be sold. A potential set of buyers are identified and
software is written with the sole purpose of selling to that target
market . . . [For] a commercial organization there is little or no
intrinsic value in the software itself, the value is in the product.

While the visualization capabilities of geotechnical soft-
ware continue to improve with respect to visualization of
input parameters, analytical results, and visual parameter
entry, the primary motive of commercial software develop-
ment is profit. The software vendors interviewed noted that
product development is generally customer- and competi-
tor-driven. Customer-requested changes and improvements
push geotechnical software development; but keeping pace
with or staying ahead of competitors, and thereby maintain-
ing market share, is a significant factor in vendor software
development.

Geotechnical engineers in transportation might also look
outside their discipline for applications that could be adapted
to visualization of geotechnical data (Figure 17). For example,
software developers in the mineral and energy exploration
industry have developed powerful tools for visualizing the
subsurface based on boring log and remote sensing data. The
medical profession’s two- and three-dimensional visualization
tools for remotely sensed human data may also be a model or
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FIGURE 17 Use of geotechnical data visualization tools for
disaster or extreme event response.

resource for software and techniques that can be used in the
visualization of geotechnical data (Figure 18).

OPEN-SOURCE DEVELOPMENT

Developers of open-source geotechnical software are focused
primarily on analytical tools rather than visualization tools.
The open-source geotechnical analytical software pack-
ages generally have some visualization capabilities, but the
visualization features are less well developed than in com-
parable commercial software packages (e.g., OpenSees, the
Open System for Earthquake Engineering Simulation http://
opensees.berkeley.edu/) (Figure 19). Open-source software
designed specifically for visualization is much more sophis-
ticated, but is not well integrated with geotechnical data
(e.g., Vislt, developed by the DOE Advanced Simulation and
Computing Initiative, http://visit.1lnl.gov).

A drawback of some open-source software is that it is
developed and maintained in an academic environment in
which the focus of improvements and changes can be on
research rather than practical applications.

Expert Level,
Don't Use, 2% ~ 12%

Entry Level, 4
51%

Intermediate
Level, 34%

FIGURE 18 Level of use of geotechnical data visualization.
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FIGURE 19 Geotechnical data visualization software users.

INNOVATIVE TECHNOLOGIES

Innovative technology, sometimes called disruptive innova-
tion (Christensen 1997), refers to technical developments
that create a significant shift in how or how fast a task is
completed. Innovative technologies are often thought of as
having a radical and immediate impact, but can be incre-
mental as well. Some innovative technologies put an end
to previous technologies, some enhance existing ones. One
frequently cited innovative technology in the geotechnical
engineering world was the development of microprocessors
that led to the hand-held calculator and the demise of the
slide rule. Subsequent microprocessor development led to
the personal computer and unprecedented computing power
at every engineer’s desk.

A few innovative technologies that could potentially impact
data visualization for geotechnical hazard mitigation and
disaster response include unmanned aerial systems (UAS),
situational awareness visualization, “big data” management,
and smart devices.

Unmanned aerial systems, commonly referred to as
“drones,” have potential for remote sensing applications and
visual inspection of hazards and disasters. UAS are more
mobile and generally less expensive that other airborne
remote sensing systems and, therefore, have the ability to
provide more focused and near-real time collection of three-
dimensional point cloud data. The use of UAS for visual
inspection of hazards and disasters is being explored by
NASA for its Western States Fire Mission http://www.nasa.
gov/centers/dryden/history/pastprojects/WSFM/index.html.
Similar UAS have also been used for safer and closer inspec-
tion of geotechnical hazards and disasters.

Situational awareness is described by three components:
perception of all temporal and spatial elements of a situa-
tion; understanding the relationships among these elements;
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and projection of that understanding into the near future. The
study and application of these concepts has been part of such
fields as military command and control, air traffic control,
and civilian emergency response for many years; but recent
research has begun to suggest how they might be applied
to visualizing the elements of situational awareness, which
requires the rapid integration of many types of data from
multiple sources—including the possibility of incorporating
geotechnical data in the immediate response to geotechnical
disasters and extreme events.

“Big data” refers to the explosion of information facing
geotechnical engineers. Data are constantly increasing in
volume, variety, and velocity (the speed at which data accu-
mulate). The new software methods of managing, retrieving,
visualizing, and interpreting large data sets that are being
developed and applied in disciplines outside of geotechnical

engineering are gradually being adapted for and adopted by
the geotechnical profession.

The proliferation of “smart” devices (phones, pads, tablets,
etc.) provides another opportunity for innovative application
of technology to geotechnical disaster response. An individ-
ual with a smart device can witness, report, and record events
as they occur. Using social media or other communication
channels, these “eyes on the ground” could provide invalu-
able reconnaissance data to disaster response teams. Dashti
et al. (2014) evaluated this method of data collection during
the 2013 floods in Colorado. Dashti noted that “much of the
data about infrastructure performance and the progression of
geological phenomena are lost during the event or soon after
as efforts move to the recovery phase.” Smart device users
can provide these data, but the challenge will be to filter, inter-
pret, and validate this uncontrolled, ad hoc data source.
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CONCLUSIONS AND RESEARCH OPPORTUNITIES

CONCLUSIONS

This study summarizes the use and value of data visualiza-
tion for geotechnical hazard mitigation and disaster response
in the transportation profession. The objectives of the study
were to quantify the nature and number of geotechnical haz-
ards and disasters facing transportation personnel, determine
what types of geotechnical data and visualization tools are
available to them, and evaluate the effectiveness of the geo-
technical data visualization (GDV) tools they use.

The study is based on a literature review, interviews with
selected rail and pipeline geotechnical leaders, interviews
with visualization research and development (R&D) leaders
in academia, interviews with geotechnical software vendors,
and a survey of the state department of transportation (DOT)
geotechnical leaders. Completed survey responses were
received from 40 of the 50 state DOT geotechnical leaders
and from the DOT geotechnical leader in Puerto Rico. An
additional five state DOTs provided partial responses. Key
findings of the study are summarized here:

The natural phenomena hazards that threaten transporta-
tion systems throughout the United States include hazards
of geological origin, but are dominated by meteorological
hazards. Extreme precipitation, extreme temperatures, and
high winds are the most frequently occurring natural phe-
nomena hazards.

Nearly every type of geotechnical hazard threatens trans-
portation systems, but the most common are landslides, rock
falls, and embankment failures. The most costly hazards are
landslides, rock falls, and sinkholes. The state DOTs are faced
with more hazards than they can reasonably and economically
address, and they are acutely aware of the social and political
damage that often accompanies a geotechnical disaster.

Traditional geotechnical, instrument, and remote sensing
data are collected and retained, but some DOTs have yet to
implement systems to readily access and visualize the data.
The complexity and pace of development of new GDV tech-
nology and methods will be a significant challenge to the
DOTs and to other transportation sectors for the foreseeable
future.

Most DOTs report that geotechnical hazard mitigation is
generally successful and that visualization of geotechnical

data has an important role in identifying hazards and imple-
menting mitigation measures. Visualization tools are gener-
ally used in all aspects of hazard mitigation development
and implementation, including identification, monitoring,
design, and construction of the mitigation measures.

Most geotechnical leaders would like to have a substan-
tial amount of geotechnical data available online and on site
during geotechnical disaster response, but relatively few have
the systems to accomplish this goal. The geotechnical leaders
in every transportation sector identify speed as the essential
element of disaster response. Their challenge is developing
systems and data that could provide critical GDV with the
speed and simplicity necessary for disaster response.

When available, visualization of geotechnical data has an
important role in responses to geotechnical disasters. Visual-
izations improve damage assessment, design and implemen-
tation of repairs; and contribute to maintaining public and
worker safety.

Visualization of geotechnical data has a role in long-term
recovery from geotechnical disasters that is very similar to
its role in hazard mitigation. Visualization tools are generally
used in all aspects of long-term recovery development and
implementation, including analysis, design, and construction
of the recovery measures. Visualization of geotechnical data
contributes to more economical design, improved public and
worker safety, and faster recovery.

In addition to funding limitations for GDV tools, there
appears to be some institutional resistance in the transporta-
tion sector to adopting new tools and methods. These tools
may be viewed as unjustifiably expensive or as a threat to
established personnel and procedures. Geotechnical leaders
in transportation, especially in the public sector, must use
their position and authority to overcome these challenges.

RESEARCH OPPORTUNITIES

The results of the study survey and interviews suggest a
number of research opportunities, including:

* Geotechnical hazard identification and prioritization
* Geotechnical data standards and data interchange formats
* The human-machine interface.
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Geotechnical Hazard Identification
and Prioritization

Natural phenomena and geotechnical hazards are generally
well understood by the geotechnical leaders in transporta-
tion; but additional research is needed to identify and pri-
oritize all significant geotechnical hazards in transportation
systems—a particular challenge because many of the haz-
ards are hidden from view and may not be recognized until
disaster strikes. Research into geotechnical hazard identifica-
tion should be focused on improving methods of subsurface
investigation and additional application of remote sensing
technologies. Geotechnical hazard prioritization research
could focus on understanding the likelihood of a hazard’s
becoming a geotechnical disaster and on methodologies to
prioritize a diverse range of hazards.

Many state DOTs have undertaken an inventory of selected
geotechnical hazards; for example, in Alaska, of its unstable
slope inventory. However, additional research is needed to
identify all significant geotechnical hazards, evaluate their
potential consequences, and perform a risk analysis to provide
a consistent and defensible prioritization for the limited geo-
technical hazard mitigation funding that is available.

The importance of additional research for geotechnical
hazard identification and prioritization is underscored by
a recent study of the grand challenges in civil engineering
(Becerik-Gerber et al. 2014). In this study of civil engineer-
ing disciplines, including architectural, coastal, environmen-
tal, transportation, structural, geotechnical, and construction
engineering, 10 of the 27 challenges were related to transpor-
tation and directly or indirectly related to geotechnical engi-
neering. Three of the top 10 grand challenges are directly
or indirectly related to transportation and geotechnical
engineering. The top 10 grand challenges were determined
by examining the economic, environmental, and societal
impacts of each identified challenge.

Geotechnical Data Standards
and Data Interchange Formats

Geotechnical data is a diverse mix of numeric, text, and imag-
ing data coming from field investigation, laboratory testing,
analysis, design, construction, and maintenance records.
Although several approaches to standardizing the collection,
storage, transmission, and use of geotechnical data have
been developed and proposed to the geotechnical profes-
sion, none of these proposals has yet received widespread

acceptance. Additional R&D is needed to create a geotechni-
cal data standard that is comprehensive and understandable;
and to develop a data interchange format that can be readily
implemented by data generators, software developers, and
the geotechnical engineering community. In addition to the
benefits of data transparency, consistency, and communica-
tion, the adoption of a geotechnical data standard and data
interchange format would greatly facilitate the development
and application of GDV tools.

The development of the DIGGS data interchange format
has progressed slowly, but action has been taken by the Geo-
Institute of the ASCE to revitalize this standard (Bachus
2014). To be successful, any additional R&D of data stan-
dards and data exchange formats must be coordinated among
the geotechnical data generators, software vendors, the geo-
technical engineering community, and the various agencies
that might sponsor and fund the effort.

The Human-Machine Interface

Among the GDV topics currently being pursued academi-
cally and commercially, the most important may be R&D
of better human—machine interfaces. The human—machine
interface includes the devices such as keyboards, pointers,
and screens as well as the visible portion of the software used
to enter data, control processing, and generate the text and
images needed to understand and solve the problem at hand.

Geotechnical engineers in all sectors, not just in trans-
portation, are faced with an ever-growing array of comput-
ing and visualization tools. The different human-machine
interfaces found in almost every tool adds another level of
complexity to the engineer’s work load. The advent of “big
data” in the geotechnical profession adds an even greater
challenge. Using yesterday’s tools to manage and visualize
today’s data volume, variety, and velocity would be a frus-
trating and unreliable undertaking. This trend is not limited
to geotechnical engineering; other industries are using data
analytics to improve business operations and for complex
decision support. Additional research might be undertaken
to simplify and standardize GDV tool interfaces.

While the data analytics research topic is not typical
geotechnical engineering research, it is important that this
research be conducted with input from practicing geotechni-
cal engineers. Consequently, this research will likely need to
be a joint effort among the geotechnical and software/hard-
ware engineering communities.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

ABBREVIATIONS

DIGGS
DOT
GIS
GDV
GIS
GPR
LiDAR/lidar
R&D
UAS
USGS
XML

Data interchange for geotechnical and geoenvironmental specialists
Department of transportation
Geographic information system
Geotechnical data visualization
Geographical information systems
Ground penetrating radar

Light detection and ranging
Research and development
Unmanned aerial systems

U.S. Geological Survey
Extensible markup language

Copyright National Academy of Sciences. All rights reserved.

31


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

32

REFERENCES

AASHTO Manual on Subsurface Investigations, 1st ed.,
American Association of State Highway and Transpor-
tation Officials, Washington D.C., 1988.

Association of Geotechnical and Geoenvironmental Special-
ists, undated [Online]. Available: http://www.ags.org.uk/
[accessed April 3,2014].

Bachus, R., “Advances in Geotechnical Data Management and
Visualization,” Geotechnical News, Vol. 32, No. 3,2014,
p- 27.

Becerik-Gerber, B., et al., “Civil Engineering Grand Chal-
lenges: Opportunities for Data Sensing, Information
Analysis, and Knowledge Discovery,” Journal of Com-
puting in Civil Engineering, Vol. 28, No. 4, 2014, 13 pp.

Christensen, C., The Innovator’s Dilemma, Harvard Business
Review Press, Cambridge, Mass., 1997.

Dashti, S., L. Palen, M. Heris, K. Anderson, S. Anders, and
J. Anderson, “Supporting Disaster Reconnaissance with
Social Media Data: A Design-Oriented Case Study of the
2013 Colorado Floods,” Proceedings of the 11th Inter-
national ISCRAM Conference, University Park, Pa.,
May 2014.

Data Interchange for Geotechnical and Geoenvironmental
Specialists, undated [Online]. Available: http://www.
diggsml.com/ [accessed April 3, 2014].

Design Visualization Guide, Federal Lands Highway Divi-
sion, Federal Highway Administration, Washington,
D.C., undated [Online]. Available: http://www.efl.fhwa.
dot.gov/manuals/dv [April 3, 2014].

Disaster, Planning and Development: Managing Natural
Hazards to Reduce Loss, Organization of America States,
Washington, D.C., 1990 [Online]. Available: http://
www.oas.org/dsd/publications/Unit/oea54e/ch05.htm
[accessed April 3,2014].

Earth System Science Remote Sensors, National Aeronautics
and Space Administration, Washington, D.C., undated
[Online]. Available: https://earthdata.nasa.gov/ [accessed
April 3,2014].

European Spreadsheet Risks Interest Group, undated [Online].
Available: http://www.eusprig.org/index.htm [accessed
April 3,2014].

International Hazard Database, Centre for Research on the Epi-
demiology of Disasters, Brussels, Belgium, 2009 [Online].
Available: http://www.emdat.be/classification [accessed
April 3,2014].

Land Remote Sensing Program, U.S. Geological Survey,
Washington, D.C., Mar. 2014 [Online]. Available: http://
remotesensing.usgs.gov/index.php [accessed April 3,
2014].

Landslide in Washington State, U.S. Geological Survey,
Washington, D.C., Apr. 2014 [Online]. Available: http://
www.usgs.gov/blogs/features/usgs_top_story/landslide-
in-washington-state [accessed June 3, 2014].

Montgomery, D., “Map the Runout Risk for Landslides,”
The Seattle Times, April 11, 2014, p. A11.

Moore, J., Red Gate Software, Ltd., lecture given at the
University of Cambridge, England, May 2010 [Online].
Available: https://www.cl.cam.ac.uk.teaching/09/
10/AddTopics/Lecture&Notes.pdf [accessed April 3,
2014].

Natural Hazards Image Database, National Oceanic and Atmo-
spheric Administration, National Geophysical Data Cen-
ter, Washington, D.C., undated [Online]. Available: http://
www.ngdc.noaa.gov/hazardimages [accessed April 3,
2014].

Olsen, M., J. Raugust, and G. Roe, NCHRP Synthesis
446: Use of Advanced Geospatial Data, Tools, Tech-
nologies, and Information in Department of Trans-
portation Projects, Transportation Research Board
of the National Academies, Washington, D.C., 2013,
97 pp.

Rathje, E., K. Woo, and M. Crawford, “Spaceborne and Air-
borne Remote Sensing for Geotechnical Applications,”
GeoCongress: Geotechnical Engineering in the Infor-
mation Technology Age, Atlanta, Ga., Feb. 26-Mar. 1,
2006.

Spatial Data Standards for Facilities, Infrastructure, and Envi-
ronment, Department of Defense, Washington, D.C.,
undated [Online]. Available: http://www.sdsfieonline.org
[accessed April 3,2014].

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

BIBLIOGRAPHY

Adams, B. J.and C. K. Huyck, “The Emerging Role of Remote
Sensing Technology in Emergency Management,” Infra-
structure Risk Management Processes: Natural, Acciden-
tal, and Deliberate Hazards, C. Taylor and E. VanMarcke,
Eds., American Society of Civil Engineers, Reston, Va.,
2006, pp. 95-117.

Ahmad, S., An Intelligent Decision Support System for Flood
Management: A Spatial System Dynamics Approach, Ph.D.
dissertation, The University of Western Ontario, London,
ON, Canada, 2002.

Ahmed, M., “Experimental and Numerical Modeling of Sink-
hole Collapse,” Proceedings of the 92nd Annual Meeting
of the Transportation Research Board, Washington, D.C.,
Jan. 13-17, 2013, 13 pp.

Akinpelu, O. C., Ground Penetrating Radar Imaging of Ancient
Clastic Deposits: A Tool for Three-Dimensional Outcrop
Studies, Ph.D. dissertation, University of Toronto, Toronto,
ON, Canada, 2010.

Anderson, E. R., Analysis of Rainfall-Triggered Landslide Haz-
ards through the Dynamic Integration of Remotely Sensed,
Modeled and In Situ Environmental Factors in El Salvador,
M.S. thesis, The University of Alabama, Huntsville, 2013.

Anderson, N. L., N. Croxton, R. Hoover, and P. Sirles, Geo-
physical Methods Commonly Employed for Geotechnical
Site Characterization, E-Circular E-C130, Transportation
Research Board of the National Academies, Washington,
D.C., 2008, 44 pp.

Andrews, W., “State of Geologic Mapping at the Kentucky
Geological Survey,” Geological Society of America
Abstracts with Programs, Vol. 42, No. 5, Nov. 2010, p. 278.

Ageel, A. M., Measuring the Orientations of Hidden Sub-
vertical Joints in Highways Rock Cuts Using Ground Pen-
etrating Radar in Combination with LIDAR, Ph.D. dis-
sertation, Missouri University of Science and Technology,
Rolla, 2012.

Ashida, Y., “Application of Geophysical Techniques to Geo-
technical Engineering,” International Society for Rock
Mechanics News Journal, Vol. 7, No. 1, 2001, pp. 34—43.

Baecher, G. B.,J. A.Zarge,and]J. Shapiro, “SITEVIEW: Prac-
tical Geoenvironmental Visualization,” Transportation
Research Record 1526, Transportation Research Board,
National Research Council, Washington, D.C., 1996,
pp- 170-176.

Babu, A. and B. Lakshminarayanappa, Applications of GIS for
Mapping and Tracking Underground Infrastructure, M.S.
thesis, The University of Texas at Arlington, The University
of Texas at Arlington, 2009.

Bain, B., “Alabama Puts Mashups to Work,” 2008 [Online].
Available: http://fcw.com/articles/2008/05/28/alabama-
puts-mashups-to-work.aspx.

Baines, C. D., Electrical Resistivity Ground Imaging (ERGI):
Field Experiments to Develop Methods for Investigating

33

Fluvial Sediments, M.Sc. Thesis, University of Calgary,
AB, Canada, 2001.

Barich, F, et al., ACRP Report No. 88, Guidebook on Inte-
grating GIS in Emergency Management at Airports, Trans-
portation Research Board of the National Academies,
Washington, D.C., 2013, 134 pp.

Bateman, V. C., “Research Pays Off: Developing and
Implementing a Rockfall Management System and Miti-
gation Program for Tennessee,” TR News, No. 266, No. 10,
pp- 35-37.

Bawden, G. W., S. Bond, J. H. Podoski, O. Kreylos, and
L. H. Kellogg, “Ultra-High Resolution Four Dimensional
Geodetic Imaging of Engineered Structures for Stability
Assessment,” Proceedings of GeoCongress 2012—State
of the Art and Practice in Geotechnical Engineering, Geo-
technical Special Publication No. 225, Oakland, Calif.,
Mar. 25-29, 2012, pp. 2981-2990.

Bellian, J. A., Laser-Mapping and 3D Reconstruction of the
Lower Ordovician El Paso Group Breccia Collapse Brec-
cias, Franklin Mountains, Texas, Ph.D. dissertation, The
University of Texas at Austin, 2009.

Boroushaki, S., ParticipatoryGIS: A Web-Based Collabora-
tive GIS and Multicriteria Decision Analysis, Ph.D. dis-
sertation, The University of Western Ontario, London,
ON, Canada, 2010.

Bowen, B., K. Vlasek, and C. Webb, “An Assessment of
Remote Sensing Applications in Transportation,” Transpor-
tation Research Forum, 45th Annual Forum, Northwestern
University, Evanston, Ill., Mar. 21-23, 2004, 33 pp.

Brabham, P. J., D. Nichol, M. G. Bassett, V. K. Deisler, “The
Rhondda Valleys; Using GIS to Visualise a Variety of
Geological Issues in an Intensely Mined Area,” In Urban
Geology in Wales, Geological Series—National Museum
of Wales No. 23, D. Nichol, M. G. Bassett, and V. K.
Deisler, Eds., National Museums & Galleries of Wales,
Cardiff, Wales, 2004, pp. 222-233.

Brand, J. R., Structural and Stratigraphic Evolution of the
Central Mississippi Canyon Area: Interaction of Salt Tec-
tonics and Slope Processes in the Formation of Engineer-
ing and Geologic Hazards, Ph.D. dissertation, Texas A&M
University, College Station, 2004.

Brunsden, D., “Geo-Hazards and Pipeline Engineering,”
Proceedings of International Conference on Terrain and
Geohazard Challenges Facing Onshore Oil and Gas Pipe-
lines, London, June 2—4, 2004, pp. 8-27.

Budge, T. J., Delineating Contributing Areas for Karst Springs
Using NEXRAD Data and Cross-Correlation Analysis,
Ph.D. dissertation, The University of Texas at Austin, 2008.

Budhu, M., “Numerical and Visualization Techniques in Geo-
technical Engineering Education,” Proceedings of Educa-
tional Issues in Geotechnical Engineering, Geo Denver
2000, Geotechnical Special Publication N. 109, pp. 39-47.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

34

Bukari, S. M., M. I. M. Masirin, and N. M. Daud, “Appli-
cation of GPS in Prediction of Potential Landslide Loca-
tions,” Proceedings of the 7th Malaysian Road Conference,
Kuala Lumpur, Malaysia, 2007, 10 pp.

Burnetti, J. and P. Massimini, “Methodology for Creating
Defensible Three-Dimensional Visualizations,” Trans-
portation Research Record 1526, Transportation Research
Board, National Research Council, Washington, D.C.,
1996, pp. 166-169.

Butterworth, C., Measuring Seasonal Permafrost Deforma-
tion with Differential Interferometric Synthetic Aperture
Radar, M.Sc. thesis. University of Calgary, AB, Canada,
2008.

Casello, J. M., “Effective Visualization for Transportation
Planning: Interdisciplinary Perspective,” Proceedings of
the 89th Annual Meeting of the Transportation Research
Board, Washington, D.C., Jan. 10-14, 2010, 15 pp.

Casper, C. T., C. Donley, and P. Orwig, “Visualizing Transpor-
tation Improvement Plan Projects Using Three-Dimensional
Virtual Globe Embedded in a Website,” Proceedings of the
92nd Annual Meeting of the Transportation Research Board,
Washington, D.C., Jan. 13-17, 2013, 15 pp.

Chandler, R., “The Web Dissemination of Monitoring Data,”
Geotechnical News, Vol. 29, No. 1, 2011, p. 34.

Chen, A.Y. and F. Pena-Mora, “A GIS Framework for
Construction Equipment Request and Deployment Dur-
ing Emergency Response,” Proceedings of Construction
Research Congress 2010—Innovation for Reshaping Con-
struction Practice, Banff, AB, Canada, May 8-10, 2010,
pp- 480—489.

Chen, G.-L., Y.-H. Zhang, Q. Sheng, and X.-L. Liu, “Research
of 3D Modeling and Visualization for Highway Slopes
Based on GIS,” Yantu Lixue/Rock and Soil Mechanics,
Vol. 32, No. 11, pp. 3393-3398.

Chen, J., A Study of Smart Device-Based Mobile Imaging and
Implementation for Engineering Applications, M.S. thesis,
University of Missouri—Kansas City, 2013.

Chen, S. and C. Singh, Integrated Remote Sensing and Visu-
alization (IRSV) System for Transportation-Infrastructure
Operations and Management Phase I, Contract DTOSS59-
10-H-0005, Research and Innovative Technology Admin-
istration, Washington, D.C., 2010-2012.

Cheney, D. W., Information Technology, Science, and Pub-
lic Policy, Ph.D. dissertation, George Mason University,
Fairfax, Va., 2008.

Cheng, T., G. Tanaksaranond, C. Brunsdon, and J. Haworth,
“Exploratory Visualisation of Congestion Evolutions on
Urban Transport Networks,” Transportation Research
Part C: Emerging Technologies, Vol. 36,2013, pp. 296-306.

Chung, J.-W. and J. D. Rogers, “Visualization of a GIS-based
Geological and Geotechnical Information for the St. Louis
Metropolitan Area, Missouri and Illinois,” Geological
Society of America Abstracts with Programs, Vol. 40,
No. 6, Oct. 2008, p. 85.

Conte Robles, O. A., Slope Stability Monitoring Using Remote
Sensing Techniques, M.S.C.E. thesis, University of Arkan-
sas, Fayetteville, 2012.

Croope, S., S. McNeil, T. Deliberty, and J. Nigg, Resiliency of
Transportation Corridors Before, During, and After Cata-
strophic Natural Hazards, Delaware Center for Transporta-
tion; Newark, 2010, 153 pp.

CTC & Associates, LLC., Disaster Recovery Plan—
Preliminary Investigation, Caltrans Division of Research
and Innovation, Sacramento, Calif., Dec. 16, 2009, 177 pp.

Dai, F.,, Applied Photogrammetry for 3D Modeling, Quantity
Surveying, and Augmented Reality in Construction, Ph.D.
dissertation, Hong Kong Polytechnic University, 2010.

Dalbey, K. R., Predictive Simulation and Model Based Hazard
Maps of Geophysical Mass Flows, Ph.D. dissertation, State
University of New York at Buffalo, 2009.

Dantas, A., E. Seville, and D. Gohil, “Information Sharing
During Emergency Response and Recovery: A Framework
for Road Organizations,” Transportation Research Record,
No. 2022, Journal of the Transportation Research Board,
Transportation Research Board of the National Academies,
Washington, D.C., 2007, pp. 21-28.

Dashti, S., L. Palen, M. Heris, K. Anderson, S. Anders, and
J. Anderson, “Supporting Disaster Reconnaissance with
Social Media Data: A Design-Oriented Case Study of the
2013 Colorado Floods,” Proceedings of the 11th Inter-
national ISCRAM Conference, Penn State University,
University Park, May 18-21, 2014.

De Zoysa, G. N. S., Application and Re-Use of Information
and Knowledge in Managing Risks of Infrastructure Proj-
ects, Ph.D. dissertation, The University of British Colum-
bia, Vancouver, BC, Canada, 2006.

Dean, A. W., A Statistical Evaluation of Risk Priority Num-
bers in Failure Modes and Effects Analysis Applied to the
Prediction of Complex Systems, Ph.D. dissertation, Old
Dominion University, Norfolk, Va., 2003.

Deaton, S. L., Geotechnical Information Database—Phase 11,
Report FHWA/LA.12/498, Louisiana Department of Trans-
portation and Development; Baton Rouge, 2013, 105 pp.

Deaton, S. L., An Integrated Digital System for Earthquake
Damage Reconnaissance, Ph.D. dissertation, Georgia
Institute of Technology, Atlanta, 2002.

DeGroot, D. J.,J. T. DeJong, D. Frost, and L. G. Baise, Eds.,
Proceedings of GeoCongress 2006: Geotechnical Engi-
neering in the Information Technology Age, Atlanta, Ga.,
Feb. 26-Mar. 1, 2006, 17 pp.

Delparte, D. M., Avalanche Terrain Modeling in Glacier
National Park, Canada, Ph.D. dissertation, University of
Calgary, AB, Canada, 2008.

Dickenson, S.E., “Instrumentation and Monitoring of Port
Facilities: Planning, Funding, Field Applications, and
Long-Term Benefits,” Proceedings of Ports 2007: 30 Years
of Sharing ldeas—1977-2007, San Diego, Calif., March
25-28, 2007, 10 pp.

Dingler, J. A., New Geophysical Approaches to Study Neo-
tectonics and Associated Geohazards, Ph.D. dissertation,
University of California, San Diego, 2007.

“Disaster Category Classification and Peril Terminology for
Operational Purposes,” R. Below, A. Wirtz, and D. G. Sapir,
Centre for Research on the Epidemiology of Disasters

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

CREF, Munich, Oct. 2009 [Online]. Available: http://www.
cred.be/publication/disaster-category-classification-and-
peril-terminology-operational-purposes [accessed April 3,
2014].

“Earth Explorer,” U.S. Geological Survey, Washington, D.C.,
2014 [Online]. Available: http://earthexplorer.usgs.gov/
[accessed April 3, 2014].

Eguchi, R., C. K. Huyck, S. Ghosh, and B. J. Adams, “The
Application of Remote Sensing Technologies for Disaster
Management,” Proceedings of the 14th World Conference
on Earthquake Engineering, Beijing, China, Oct. 12-17,
2008, 17 pp.

Eguchi, R. T., et al., “Resilient Disaster Response: Using
Remote Sensing Technologies for Post-Earthquake Dam-
age Detection,” In Research Progress and Accomplish-
ments 2001-2003, Multidisciplinary Center for Earth-
quake Engineering Research, University of Buffalo, N.Y.,
2003, pp. 125-137.

Eliassen, T. D. and G. E. Springston, Rockfall Hazard Rating of
Rock Cuts on U.S. and State Highways in Vermont, Report
2007-16, Vermont Agency of Transportation, Montpelier,
2007, 134 pp.

ESRI, “UAV and GIS—An Emerging Dynamic Duo,”
ArcUser, Spring 2014, pp. 24-27.

Esswein, S. T., Geographic Information Systems for Real-
Time Environmental Sensing at Multiple Scales, Ph.D.
dissertation, Clemson University, Clemson, S. C., 2012.

Fekete, S., Geotechnical Applications of LiDAR for Geo-
mechanical Characterization in Drill and Blast Tunnels and
Representative 3-Dimensional Discontinuum Modelling,
M.Sc. thesis, Queen’s University, Kingston, 2010.

Fet, G. N., Satellite Image Processing for Biodiversity
Conservation and Environmental Modeling in Kyrgyz
Republic National Park, M..S. thesis, Marshall University,
Huntington, W.V., 2007.

Fish, M. and K. Day, Development of a Geotechnical GIS
for Subsurface Characterization with Three-Dimensional
Modeling Capabilities, Report FHWA-NH-RD-12323V-2,
New Hampshire Department of Transportation, Concord,
2006, 30 pp.

Fratesi, S. E., The Virtual Landscape of Geological Informa-
tion: Topics, Methods, and Rhetoric In Modern Geology,
Ph.D. dissertation, University of South Florida, Tampa,
2008.

Frazier, T., Enhancing the Resilience of Idaho’s Transpor-
tation Network to Natural Hazards and Climate Change,
Contract DTRT12-G-UTC10, Pacific Northwest Trans-
portation Consortium, Seattle, Wash., 2013-2014.

Galadari, A. L., Evaluation of Road Construction Alterna-
tives: A Regretful Approach, Ph.D. dissertation, University
of Colorado at Denver, 2008.

Galloway, D. L., D. R. Jones, and S. E. Ingebritsen, Measur-
ing Land Subsidence from Space, Fact Sheet-051-00, U.S.
Geological Survey, Reston, Va., 2000.

Gao, B., A GIS-Enabled Multi-Year Pavement Rehabilitation
Needs Analysis System, Ph.D. dissertation, Georgia Institute
of Technology, Atlanta, 2004.

35

Ghalib, A. M., Laboratory and In-Situ Soil Characteriza-
tion by Computer Vision, Ph.D. dissertation, University
of Michigan, Ann Arbor, 2001.

Giao, P. H. and D. H. Hien, “Geotechnical Characterization
of Soft Clay along a Highway in the Red River Delta,”
Lowland Technology International, Vol. 9, No. 1, 2007,
pp. 18-27.

Gillani, S., S. Naz, M. Naeem, M. T. Afzal, and A. Qayyum,
“ERRAGMap: Visualization Tool,” Proceedings of ICIDT
2012, 8th International Conference on Information Science
and Digital Content Technology (ICIS and IDCTA), Jeju,
Korea, June 26-28, 2012, pp. 736-740.

Gilson, K. and B. Mercure, “Virtual Design and Construc-
tion of Transportation Projects,” CE News, Vol. 25, No. 7,
2013, pp. 44-46.

Gutierrez, M., D. Bowman, J. Dove, M. Mauldon, and E.
Westman, “An IT-Based System for Planning, Design-
ing and Constructing Tunnels in Rocks,” Proceedings of
AITES-ITA 2006 World Tunnel Congress & 32nd ITA Gen-
eral Assembly “Safety in the Underground Space,” Seoul,
Korea, Apr. 22-27, 2006, 6 pp.

Han, X., “Application of 3S Technologies in the Pipeline
Industry,” Proceedings of ICPTT 201 1: Sustainable Solu-
tions for Water, Sewer, Gas and Oil Pipelines, Beijing,
China, Oct. 26-29, 2011, pp. 323-329.

Hardman, M., T. Wilson, and S. Chen, Seismic Vulnerabil-
ity Analysis of Bridges in Mountainous States, Report
MPC-13-255, Mountain-Plains Consortium, Fargo, N. D.,
2013, 40 pp.

Hart, D.A., Building a Horizontally and Vertically Integrated
Coastal GIS Using Local Government Spatial Data: The
Case of Coastal Erosion Hazards on the Lake Michigan
Coast of Wisconsin, Ph.D. dissertation, The University of
Wisconsin, Madison, 2000.

Herrs, A. J., M. H. Taylor, W. L. Watney, and R. D. Miller,
“Quantifying Surface Subsidence Along US Highway 50,
Reno County, KS Using Terrestrial LIDAR and Seismic
Methods: Implications for Sinkhole Development and Risk
Assessment Along Rapidly Developing Urban Corridors,”
Geological Society of America Abstracts with Program,
Vol. 41, No. 7, Oct. 2009, p. 677.

Hewlett, J. B., Statistics in Geohazards: Applications in Land-
slide Susceptibility Modeling and the Magnitude-Frequency
Relationship in Earthquakes, M.S. Thesis, Tufts University,
Medford, Mass., 2008.

Heyns, F.J., Railway Track Drainage Design Techniques,
Ph.D. dissertation, University of Massachusetts, Amherst,
2000.

Hixon, C., NCHRP Synthesis 361: Visualization for Proj-
ect Development, Transportation Research Board of the
National Academies, Washington, D.C., 2006, 90 pp.

Hoegh, K. E., Ultrasonic Linear Array Evaluation of Concrete
Pavements, Ph.D. dissertation, University of Minnesota,
Minneapolis and St. Paul, 2013.

Hollingsworth, E. J., Karst Regions of the World (KROW)—
Populating Global Karst Datasets and Generating Maps
to Advance the Understanding of Karst Occurrence and

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

36

Protection of Karst Species and Habitats Worldwide, M.S.
thesis, University of Arkansas, Fayetteville, 2009.

Holmes, R. R., Jr,, et al., U.S. Geological Survey Natural
Hazards Science Strategy—Promoting the Safety, Security,
and Economic Well-Being of the Nation, Circular 1383—
F, U.S. Geological Survey, Washington, D.C., 2013, 79 pp.

Hopkins, T. C., T. L. Beckham, L. Sun, and B. Butcher, Devel-
opment of a Statewide Landslide Inventory Program, Report
KTC-05-03/SPR176-98-1F, Kentucky Transportation Cen-
ter, University of Kentucky, Lexington, 2005, 59 pp.

Hopkins, T. C., T. L. Beckham, L. Sun, and B. Pfalzer, Ken-
tucky Geotechnical Database, Report KTC-05-03/SPR227-
01-1F, Kentucky Transportation Center, University of Ken-
tucky, Lexington, 2005, 263 pp.

Hoppe, E. J. and D. H. Whitehouse, Implementation of the
Rock Slope Management Project at the Virginia Department
of Transportation, Report VTRC 06-R23, Virginia Trans-
portation Research Council, Charlottesville, 2006, 46 pp.

Huggins, L. J., Comprehensive Disaster Management and
Development: The Role of Geoinformatics and Geo-
Collaboration in Linking Mitigation and Disaster Recovery
in the Eastern Caribbean, Ph.D. dissertation, University of
Pittsburgh, 2007.

Hughes, R. G., “Visualization in Transportation: Current
Practice and Future Directions,” Transportation Research
Record, No. 1899, Journal of the Transportation Research
Board, Transportation Research Board of the National
Academies, Washington, D.C., 2004, pp. 167-174.

Johnson, C., “Top Scientific Visualization Research Prob-
lems,” IEEE Computer Graphics and Applications, Vol. 24,
No. 4, pp. 13-17.

Kaminskiy, V. F., Geophysical Surveys Aimed to Save Human
Lives by Facilitating Safety Assessment, Ph.D. dissertation,
University of Pittsburgh, 2008.

Kent, J. D., Quantifying the Key Factors That Create Road
Flooding, Report FHWA/LA. 12/497, Louisiana Depart-
ment of Transportation and Development, Baton Rouge,
2013, 80 pp.

Kim, H., Spatial Variability in Soils: Stiffness and Strength,
Ph.D. dissertation, Georgia Institute of Technology, Atlanta,
2005.

Kim, K., P. Pant, E. Yamashita, J. Ghimire, and I. M. Brunner,
“The Spatial Criticality of Transportation Risks from Sea
Level Rise, Storm Surge, and Tsunami Hazards in Hono-
lulu,” Proceedings of the 92nd Annual Meeting of the Trans-
portation Research Board, Washington, D.C., Jan. 13-17,
2013, 21 pp.

Kim, K. S., Wave-Based Imaging and Sensing Technolo-
gies for Characterization of Structural and Geotechnical
Engineering Systems, Ph.D. dissertation, University of
Wisconsin, Madison, 2009.

Kim, T.-H., Landslide Hazard Assessment, Town of Peace
River, Alberta, Ph.D. dissertation, University of Alberta,
Edmonton, 2012.

Kinnicutt, P., H. Einstein, and C. Noack, “Three-Dimensional
Stratigraphic Characterization for Geotechnical Explora-
tion,” Transportation Research Record 1526, Transporta-

tion Research Board, National Research Council, Wash-
ington, D.C., 1996, pp. 183-190.

Kjelland, N. H., Slope Stability Analysis of Downie Slide;
Numerical Modelling and GIS Data Analysis for Geotech-
nical Decision Support, M.Sc. thesis, Queen’s University,
Kingston, 2004.

Kosnik, D. E., A Web-Enabled Data Management System
for Structural Health Monitoring of Civil Infrastructure,
Ph.D. dissertation, Northwestern University, Chicago, Ill.,
2012.

Kovin, O. N., Ground Penetrating Radar Investigations in
Upper Kama Potash Mines, Ph.D. dissertation, Missouri
University of Science and Technology, Rolla, 2010.

Krstic, V., Detection of Underground Obstacles by the SASW
Test, Ph.D. dissertation, Rutgers, The State University of
New Jersey, New Brunswick, 2001.

Ku, W.-S., H. Wang, R. Zimmerman, and J.-P. Bardet, “A
Distributed Geotechnical Information Management and
Exchange Architecture,” IEEE Internet Computing, Vol. 10,
No. 5, 2006, pp. 26-33.

Kwon, O.-S., Probabilistic Seismic Assessment of Structure,
Foundation, and Soil Interacting Systems, Ph.D. disserta-
tion, University of Illinois, Urbana—Champaign, 2007.

Lashlee, J. D., Modeling Quaternary Geomorphic Surfaces
Using Laboratory, Field, and Imaging Spectrometry in the
Lower Colorado Sonoran Desert: The Chameleon Concept,
Ph.D. dissertation, Oregon State University, Corvallis, 2006.

Lato, M. J., Geotechnical Applications of LiDAR Pertaining
to Geomechanical Evaluation and Hazard Identification,
Ph.D. dissertation, Queen’s University, Kingston, 2010.

Lefchik, T. E., C. Bobba, and K. Beach, “DIGGS: Setting the
Standard for Geotechnical and Geoenvironmental Data
Management,” Proceedings of the 58th Highway Geology
Symposium, Pocono Manor, Penn., Oct. 16-18, 2007, 11 pp.

Leyland, R. and P. Paige-Green, “A Simple Slope Hazard
Management System for the South African Primary Road
Network,” Proceedings of the Eighth International Con-
ference on Managing Pavement Assets, Santiago, Chile,
Nov. 15-19, 2011, 12 pp.

Li, Y., Three-Dimensional GIS-Based Approach for Highway
Design Consistency Evaluation, M.A.Sc. thesis, Ryerson
University, Toronto, ON, Canada, 2003.

Li, Y., and H. Zhu, Hehua, “The Development of Information
System Software for Geotechnical Engineering Monitor-
ing,” Yantu Lixue/Rock and Soil Mechanics, Vol. 23, No. 1,
2002, pp. 103-106.

Liang, G.-L., W.-Y. Xu, Y.-Z. He, Z.-F. Zhao, and X.-L. Tan,
“Visual System Development and Application of Data
Analysis for Slope Engineering,” Yantu Lixue/Rock and
Soil Mechanics, Vol. 29, No. 3, Mar. 2008, pp. 849-853.

Liang, R. Y., Landslide Hazard Rating Matrix and Database.
Volume 1 of 2, Report FHWA/OH-2007-18, Ohio Depart-
ment of Transportation, Columbus, 2007, 130 pp.

Liang, R. Y., Landslide Hazard Rating Matrix and Database.
Volume 2 of 2: A Manual for Landslide Inventory, Report
FHWA/OH-2007-18, Ohio Department of Transportation;
Columbus, 2007, 258 pp.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

Liang, R., “Developing Efficient Landslide Hazard Man-
agement System for Highway Agencies,” Proceedings of
the 91st Annual Meeting of the Transportation Research
Board, Washington, D.C., Jan. 22-26, 2012, 15 pp.

Liang, Y., Integrated IT Systems for Construction Site Man-
agement, Ph.D. dissertation, Hong Kong Polytechnic
University, Hong Kong, 2006.

Lin, S.-L., An Integrated Earthquake Impact Assessment
System, Ph.D. dissertation, University of Illinois, Urbana—
Champaign, 2011.

Liu, Q., Spatial Decision Support System for Abandoned
Coal Mine Reclamation, Ph.D. dissertation, Indiana State
University, Terre Haute, 2000.

Livnat, Y., J. Agutter, S. Moon, and S. Foresti, “Visual Corre-
lation for Situational Awareness,” Proceedings of the 2005
IEEE Symposium on Information Visualization, 8 pp.

MacEarchren, A. and M. Kraak, “Research Challenges in
Geovisualization,” Cartography and Geographic Informa-
tion Science, Vol. 28, No. 1, 2001, pp. 3—-12.

Mangriotis, M.-D., Scattering Versus Intrinsic Attenua-
tion in the Near Surface: Measurements from Permanent
Down-Hole Geophones, Ph.D. dissertation, University of
California, Berkeley, 2009.

Manore, M. A., “Visualization in Transportation 101,” TR
News, No. 252, 2007, p. 3.

Manual for GEER Reconnaissance Teams, GEER Manual, v.
3, Geotechnical Extreme Events Reconnaissance Associa-
tion, 2011 [Online]. Available: http://www.geerassociation.
org/reconnaissance.htm.

Magsood, 1., Development of Simulation- and Optimization-
Based Decision Support Methodologies for Environmental
Systems Management, Ph.D. dissertation, The University
of Regina, SK, Canada, 2004.

Mast, C. M., Modeling Landslide-Induced Flow Interactions
with Structures Using the Material Point Method, Ph.D.
dissertation, University of Washington, Seattle, 2013.

Mauldon, M., E. C. Drumm, W. M. Dunne, V. Bateman,
B. Rose, M. Kim, Rockfall Management System for Ten-
nessee, Contract RES 1189 CUT 236, Tennessee Depart-
ment of Transportation, Nashville, 2007, 301 pp.

Maxwell, A., “INSITE Web Based Data Management Soft-
ware,” Geotechnical News, Vol. 29, No. 1, 2011, p. 35.

Mazzanti, P., “Displacement Monitoring by Terrestrial SAR
Interferometry for Geotechnical Purposes,” Geotechnical
News, Vol. 29, No. 2, 2011, pp. 25-28.

McCarthy, J. D., Using Sensor Ontologies to Create Reasoning-
Ready Sensor Data for Real-Time Hazard Monitoring in a
Spatial Decision Support System, M.Sc. thesis, University of
Windsor, On, Canada, 2007.

McCrackin, C. W., Quasi 3-Dimensional Electrical Resistiv-
ity Mapping of Air-filled Karst Conduits and Policy Impli-
cations, M.S. thesis, University of South Florida, Tampa,
2012.

McGuire, M. P., Critical Height and Surface Deformation of
Column-Supported Embankments, Ph.D. dissertation, Vir-
ginia Polytechnic Institute and State University, Blacksburg,
2011.

37

Miles, S. B. and D. K. Keefer, “Toward a Comprehensive
Areal Model of Earthquake-Induced Landslides,” Natural
Hazards Review, Vol. 10, No. 1, 2009, pp. 19-28.

Mohan, V., SEAL-EAI Software Engineering Architecture for
Legacy Enterprise Application Integration, M.S. thesis,
The University of Texas at Arlington, 2004.

Mokarram, N., Data Exchange in Geotechnical Engineering,
Ph.D. dissertation, University of Southern California, Los
Angeles, 2010.

Montgomery, D., “Map the Runout Risk for Landslides Like
0s0,” The Seattle Times, Apr. 14, 2014 [Online]. Avail-
able: http://seattletimes.com/html/opinion/2023376128_
davidmontgomeryopedosolandslidexxxml.html.

Nadim, F. and S. Lacasse, “Mapping of Landslide Hazard
and Risk Along the Pipeline Route,” Proceedings of the
International Conference on Terrain and Geohazard Chal-
lenges Facing Onshore Oil and Gas Pipelines, London,
June 24, 2005, pp. 117-128.

Natural Phenomena Hazards Analysis and Design Criteria
for Department of Energy Facilities, DOE-STD-1020-2012,
U.S. Department of Energy, Washington, D.C., 2012.

Neeman, A. G., Visualization Techniques for Computational
Mechanics, Ph.D. dissertation, University of California,
Santa Cruz, 2009.

Neuwirt, A., “MultiLogger Suite Web-based Data Manage-
ment,” Geotechnical News, Vol. 29, No. 1, 2011, p. 36.

Nevers, B. L., K. M. Nguyen, S. M. Quayle, X. Zhou, and
J. Taylor, The Effective Integration of Analysis, Model-
ing, and Simulation Tools, Report FHWA-HRT-13-036,
Federal Highway Administration, McLean, Va., 2013,
132 pp.

Nigbor, R., A. Asghari, L. McMichael, and K. D. Mish,
“Development of a Prototype Web-Based SFSI Simula-
tion Tool,” In Geotechnical Engineering for Transportation
Projects, Geotechnical Special Publication No. 126, M. K.
Yegian and E. Kavazanjian, Eds., American Society of Civil
Engineers, Reston, Va., 2004, pp. 870-877.

Nyren, R., A. Marr, and D. Jacobs, “iSiteCentral Web-based
Data Management Software,” Geotechnical News, Vol. 29,
No. 1, 2011, p. 37.

Olsen, M. J., Methodology for Assessing Coastal Change
Using Terrestrial Laser Scanning, Ph.D. dissertation, Uni-
versity of California, San Diego, 2009.

Olsen, M. J., “In-Situ Change Analysis and Monitoring
through Terrestrial Laser Scanning,” Journal of Computing
in Civil Engineering, May 2013 [Online]. Available: http://
dx.doi.org/ten.ten61/(ASCE)CP.1943-5487.0000328.

Olsen, M. J., S. A. Ashford, R. Santha-Mahlingham, M.
Sharifi-Mood, M. O’Banion, and D. T. Gillins, Impacts of
Potential Seismic Landslides on Lifeline Corridors—Final
Report, Contract SPR-740, Oregon Department of Trans-
portation, Salem, (under review), (n.d.).

Olsen, M. J. and R. Kayen, “Post-Earthquake and Tsunami
3D Laser Scanning Forensic Investigations,” Proceed-
ings of Forensic Engineering 2012: Gateway to a Safer
Tomorrow, San Francisco, Calif., Oct. 31-Nov. 3, 2012,
pp- 477-486.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

38

Olsen, M., J. Raugust, and G. Roe, NCHRP Synthesis 446:
Use of Advanced Geospatial Data, Tools, Technologies,
and Information in Department of Transportation Projects,
Transportation Research Board of the National Academies,
Washington, D.C., 2013, 95 pp.

O’Neill, B., “Real-Time Monitoring of an Active Landslide
in a Coal Mine Using GPS, Pore Pressure and Inclinom-
eters,” Geological Society of America Abstracts with Pro-
grams, Vol. 42, No. 5, Nov. 2010, p. 611.

Otero, D., Proof of Concept for Using Unmanned Aerial Vehi-
cles for High Mast Pole and Bridge Inspections, Contract
BDV28 977-02, Florida Department of Transportation,
Tallahassee, 2013-2015.

Otoo, J. N. A., Surface Expressions of Discontinuities, and
the Estimation of Their 3-D Orientations Using Combined
LiDAR and Optical Imaging, Ph.D. dissertation, Missouri
University of Science and Technology, Rolla, 2012.

Pack, M. L., “Visualization in Transportation: Challenges and
Opportunities for Everyone,” IEEE Computer Graphics
and Applications, Vol. 30, No. 4, 2010, pp. 90-96.

Pack, R. T., K. Boie, S. Mather, and J. Farrell, UDOT Rockfall
Hazard Rating System: Final Report and User’s Manual,
Report UT-06.07, Utah Department of Transportation, Salt
Lake City, 2006, 92 pp.

Pavel, M., Application of Artificial Neural Networks for Ter-
rain Stability Mapping, The University of British Columbia,
Vancouver, BC, Canada, 2004.

Player, R., “Using GIS in Preliminary Geotechnical Site
Investigations for Transportation Projects,” Proceedings
of the 3rd Mid-Continent Transportation Symposium
2000, Towa State University, Ames, May 15-16, 2000,
pp. 174-177.

Rahall Appalachian Transportation Institute, Landslide Hazard
Management System in West Virginia—Phase I, Contract
No. 212141, West Virginia Department of Transportation,
Charleston, 2012-2013.

Rathje, E. M., K.-S. Woo, and M. Crawford, “Spaceborne
and Airborne Remote Sensing for Geotechnical Applica-
tions,” Proceedings of GeoCongress 2006: Geotechnical
Engineering in the Information Technology Age, Atlanta,
Ga., Feb. 26-Mar.1, 2006, pp. 1-19.

Redsteer, M. H.,R. C. Bogle, and J. M. Vogel, Monitoring and
Analysis of Sand Dune Movement and Growth on the Navajo
Nation, Southwestern United States, Fact Sheet 2011-3085,
U.S. Geological Survey, Reston, Va., 2011, 2 pp.

Rhyne, T.-M., “Visualization and the Larger World of Com-
puter Graphics: What’s Happening Out There?”” TR News,
No. 252, 2007, pp. 20-23.

Robertson, G., D. Ebert, S. Eick, D. Keim, and K. Joy, “Scale
and Complexity in Visual Analytics,” Information Visual-
ization, Vol. 8, No. 4, 2009, pp. 247-253.

Rose, B. T., Tennessee Rockfall Management System, Ph.D.
dissertation, Virginia Polytechnic Institute and State Uni-
versity, Blacksburg, 2005.

Rosen, J. B., M. A. Arnold, R. C. Bachus, D. Schauer, and A.
Berrios, “GIS for Geotechnical Decision Making: Visual-
ization of Cut-Off Wall Construction Data,” In Proceed-

ings of Geo-Frontiers 2011: Advances in Geotechnical
Engineering, Geotechnical Special Publication No. 211,
Dallas, Tex., Mar. 13-16, 2011, pp. 2907-2916.

Rosenblad, B., Ground-based Interferometric Radar for Rock-
fall Hazard Monitoring, Contract DTRT 12-G-UTCO07,
Research and Innovative Technology Administration,
Washington, D.C., 2013-2014.

Roseru, J., I. Ristovic, and M. Vulic, “Applicability of Con-
tinuous Real-Time Monitoring Systems in Safety Assur-
ance of Significant Structures,” Strojarstvo: Journal for
Theory and Application in Mechanical Engineering, Vol. 52,
No. 4, pp. 449-458.

Rossetti, M. D., E. Pohl, F. Limp, J. Stout, and D. Marek, Appli-
cation of GIS and Operations Research Logistics Planning
Methods for Arkansas Rural Transportation Emergency
Planning, Report MBTC 2088, Mack-Blackwell Transpor-
tation Center, Fayetteville, Ark., 2008, 134 pp.

Saadi, M. M. H., GIS-Enabled Spatial Analysis and Modeling
of Geotechnical Soil Properties for Seismic Risk Assess-
ment of Levee Systems, Ph.D. dissertation, University of
Michigan, Ann Arbor, 2012.

Scheinert, C. R., Debris Flow Fan Evolution, Chalk Creek
Natural Debris Flow Laboratory, Colorado, M.S. thesis,
East Carolina University, Greenville, 2012.

Shakecast: A Post-Earthquake Decision-Making and Rapid-
Response Tool, Caltrans Division of Research and Innova-
tion, Sacramento, Oct. 2010.

Shin, S. C., High-Resolution Subsurface Soil Characteriza-
tion by Image Analysis and Vision CPT, Ph.D. dissertation,
University of Michigan, Ann Arbor, 2005.

Shreenan, R. and M. Maric, Light Detection and Ranging
(LiDAR): Survey of CN Rail Track Near Yale, British Colum-
bia, Report TP 14538E, Transport Canada, Montreal, QC,
Canada, 2005, 38 pp.

Sinfield, J., “Disruptive Innovation in Geoenvironmental
Sensing: Bringing Raman Spectroscopy to the Field,” pre-
sented at Innovation and Sustainability in Geotechnics,
Purdue University, West Lafayette, Ind., Apr. 18, 2008.

Soulard, C. E. and R. C. Bogle, Using Terrestrial Light Detec-
tion and Ranging (Lidar) Technology for Land-Surface
Analysis in the Southwest, Fact Sheet 2011-3017, U.S.
Geological Survey, Reston, Va., 2011, 2 pp.

Suermann, P. C., Evaluating the Impact of Building Informa-
tion Modeling (BIM) on Construction, Ph.D. dissertation,
University of Florida, Gainesville, 2009.

Sulbaran, T. A., Impact of Distributed Virtual Reality on
Engineering Knowledge Retention and Student Engage-
ment, Ph.D. dissertation, Georgia Institute of Technology,
Atlanta, 2002.

“Survey of Hazards and Disasters Course,” FEMA National
Preparedness Directorate National Training and Educa-
tion, 2011 [Online]. Available: http://www.training.fema.
gov/EMIWeb/edu/docs/ushazards101/index.asp [accessed
Apr. 3,2014].

Sweeney, M., “Terrain and Geohazard Challenges Facing
Onshore Oil and Gas Pipelines: Historic Risks and Modern
Responses,” Proceedings of the International Conference

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

on Terrain and Geohazard Challenges Facing Onshore Oil
and Gas Pipelines, London, June 24, 2005, pp. 37-51.

Tarko, A., L. N. Boyle, and A. Montella, “Emerging Research
Methods and Their Application to Road Safety,” Accident
Analysis & Prevention, Vol. 61, 2013, pp. 1-2.

Taylor, M. and S. Moler, “Visualization’s Next Frontier,”
Public Roads, Vol. 73, No. 4, 2010, pp. 10-19.

Taylor, R., “GeoViewer Web-based Data Management Soft-
ware,” Geotechnical News, Vol. 29 No. 1, 2011, p. 40.

Thomas, J. J. and K. A. Cook, “A Visual Analytics Agenda,”
IEEE Computer Graphics and Applications, Vol. 26, No. 1,
2006, pp. 10-13.

Thompson, E. M., H. Tanaka, L. G. Baise, Y. Tanaka, and R.
Kayen, “Dissemination and Visualization of Digital Geo-
technical Data Associated with the 1995 Hyogo-ken Nanbu
Earthquake in Kobe, Japan,” Seismological Research
Letters, Vol. 81, No. 2, 2010, p. 349.

Thorarinsson, A., “Web-based Data Management Software,”
Geotechnical News, Vol. 29, No. 1, 2011, p. 38.

Todsen, M. and A. Abu-Hawash, Unmanned Aerial Vehicle
System Evaluation, Contract RB29-014, lowa Department
of Transportation, Ames, 2013-2014.

Trauner, F.-X., C. Boley, and E. Nuhn, “Identification of
Landslide Susceptible Slopes and Risk Assessment Using
a Coupled GIS-FEA-Module,” Proceedings of Deep and
Underground Excavations, GeoShanghai International
Conference, Geotechnical Special Publication No. 206,
Shanghai, China, June 3-5, 2010, pp. 120-125.

Tsai, J.-D. V., Towards an Integrated Three-Dimensional
Geographic Information System, Ph.D. dissertation, Uni-
versity of Wisconsin, Madison, 1994.

Turel, M. and J. D. Frost, “Delineation of Slope Profiles from
Digital Elevation Models for Landslide Hazard Analy-
sis,” Proceedings of GeoRisk 2011—Risk Assessment and
Management, Geotechnical Special Publication No. 224,
Atlanta, Ga., June 26-28, 2011, pp. 829-836.

Turetken, O., Visualization Support for Managing Informa-
tion Overload in the Web Environment, Ph.D. dissertation,
Oklahoma State University, Stillwater, 2001.

Turner, L. and X. Liu; Final Report: Implementing and Deploy-
ing Data Management Tools within Geotechnical Services,
Report CA13-1232, Caltrans Division of Research and
Innovation, Sacramento, 2013, 653 pp.

Turner, L., T. Saito, and P. Grimes, End-User Interest in
Geotechnical Data Management Systems—Final Report,
Report CA07-0057, Caltrans Division of Research &
Innovation, Sacramento, 2008, 333 pp.

Uddin, W. and A. Mustafa, Disaster Protection of Transport
Infrastructure and Mobility Using Flood Risk Modeling and
Geospatial Visualization, National Center for Intermodal
Transportation for Economic Competitiveness, Mississippi
State University, Mississippi State, Miss., Dec. 2013, 1 p.

VanDaniker, M., “Leverage of Spiral Graph for Transporta-
tion System Data Visualization,” Transportation Research
Record, No. 2165, Journal of the Transportation Research
Board, Transportation Research Board of the National
Academies, Washington, D.C., 2010, pp. 79-88.

39

Walker, D., “Visualization as a Common Language for Plan-
ning: Good Practices, Caveats, and Areas for Research,”
TR News, No. 252, 2007, pp. 7-10.

Walker, R., D. Stuart, and C. Butler, “Transportation Decision
Support Systems Using Google Earth Technology,” Pro-
ceedings of the 88th Annual Meeting of the Transportation
Research Board, Washington, D.C., Jan. 11-15, 2009, 12 pp.

Wallace, C. E., A. Boyd, and J. Sergent, A Guide to Emer-
gency Response Planning at State Transportation Agen-
cies; Appendix L White Paper: Identification and Delinea-
tion of Incident Management and Large-Scale Emergency
Response Functions, Project No. NCHRP 20-59(23), Fed-
eral Highway Administration, Washington, D.C., Sep. 2009.

Wallace, J. A., LiDAR Altimetry and Hyperspectral Imag-
ing: New Technologies for Geological and Mineralogical
Mapping, Ph.D. dissertation, University of Waterloo, ON,
Canada, 2005.

Wang, J.-J., Rapid Needs Assessment System for Typhoon-
Triggered Debris Flow Disasters in Taiwan, Ph.D. disser-
tation, Columbia University, New York, N.Y., 2006.

Wang, X., Geotechnical Analysis of Flow Slides, Debris Flows,
and Related Phenomena, Ph.D. dissertation, University of
Alberta, Edmonton, On, Canada, 2008.

Weber, G. H., M. Schneider, D. W. Wilson, H. Hagen, B.
Hamann, and B. L. Kutter, “Visualization of Experimental
Earthquake Data,” SPIE Proceedings, Vol. 5009, Visual-
ization and Data Analysis 2003, pp. 268-276.

Williams, M., A Plan for the Long-Term Performance of
Bridges, M.C.E. thesis, University of Delaware, Newark,
2007.

Winter, M. G., L. Shackman, and F. MacGregor, Debris Flow
Hazard Assessment, Ranking, Management and Mitiga-
tion in Scotland, TRL Staff Papers Issue F/5813/07, 2008.

Wood, A., Data Assessment and Utilization for Improving
Asset Management of Small and Medium Size Water Utili-
ties, Ph.D. dissertation, The University of British Columbia,
Vancouver, BC, Canada, 2007.

Wotring, D.C., Visualization in Geomechanics with an Appli-
cation to Deep Excavations, Ph.D. dissertation, University
of Illinois, Urbana—Champaign, 2004.

Wu, Y.-J., T. Hayat, A. Clarens, and B. L. Smith, “Climate
Change Effects on Transportation Infrastructure: Scenario-
Based Risk Analysis Using Geographic Information Sys-
tems,” Transportation Research Record, No. 2375, Jour-
nal of the Transportation Research Board, Transportation
Research Board of the National Academies, Washington,
D.C., 2013, pp. 71-81.

Yang, S., S. Lu, and Y.-J. Wu, “GIS-Based Economic Cost
Estimation of Traffic Accidents in St. Louis, Missouri,”
Procedia—Social and Behavioral Sciences, Vol. 96,2013,
pp- 2907-2915.

Yang, Z., Development of Geotechnical Capabilities into
OpenSees Platform and Their Applications in Soil-
Foundation-Structure Interaction Analyses, Ph.D. dis-
sertation, University of California, Davis, 2002.

Yasarer, H., Decision Making in Engineering Prediction
Systems, Ph.D. dissertation, Kansas State University,
Manhattan, 2013.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

40

Young, S.E., Development of a Contiguous Three-
Dimensional Geometric Highway Model Using Historic
Global Positioning System Data, Ph.D. dissertation, Kan-
sas State University, Manhattan, 2004.

Youssef, A. M., Development of a Highway Rock Fall Hazard
Rating System and Management Database System for Mis-
souri Highways Using Digital Video Image Analysis and
Geographic Information System, M.S. thesis, University of
Missouri-Rolla, Rolla, 2004.

Yu, H.-T., “ARGUS Web-based Data Management Software,”
Geotechnical News, Vol. 29, No. 1, 2011, p. 39.

Zahran, E.-S., M. J. Smith, and L. D. Bennett, “3D Visual-
ization of Traffic-Induced Air Pollution Impacts of Urban
Transport Schemes,” Journal of Computing in Civil Engi-
neering, Vol. 27, No. 5, 2013, pp. 452-465.

Zand, A.G., Enabling Geotechnical Data for Broader Use
by the Spatial Data Infrastructures, Ph.D. dissertation,
University of Southern California, Los Angeles, 2011.

Zhang, Y., H. Li, Q. Sheng, K. Wu, and G. Chen, “Real Time
Remote Monitoring and Pre-Warning System for Highway
Landslide in Mountain Area,” Journal of Environmental
Sciences, Vol. 23, Supplement, 2011, pp. S100-S105.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

APPENDIX A

Survey Questionnaire

Copyright National Academy of Sciences. All rights reserved.

41


http://www.nap.edu/22215

Visualization of Geotechnical Data for Hazard Mitigation and Disaster Response

42

Survey Questionnaire

1.01 What natural phenomena hazards do you encounter? Check all that apply and add additional items in the space

provided.
[~ Earthquakes [ Extreme Temperatures
[~ Volcanoes [~ Freezing/Thawing Ground
[~ Floods [~ Hurricanes, Tornados, or Other High Velocity Winds
[ Tsunamis [~ Storm Surges
[~ Extreme Precipitation (Rain or Snow} [~ Other

l

1.02 What geotechnical hazards do you encounter? Check all that apply and add additional items in the space provided.

[~ Landslides [~ Lateral Spreading

[T Embankment Failures [~ Surface Ruptures

[~ Rock Falls [ Subsidence

[~ Debris Flows [~ Sinkholes

[~ Avalanches [~ Permafrost Thaw/Freeze
[ Slope Creep [~ Frozen Debtis Lobes
[~ wind Blown Soil/Dunes [~ Other

[~ Settlement or Heave [

1.03 What geotechnical disasters have you had to respond to? Check all thatapply and add additional items in the space

provided.
[~ Landslides [~ Lateral Spreading
[~ Embankment Failures [~ Surface Ruptures
[~ Rock Falls [~ Subsidence
[~ Debris Flows [~ Sinkholes
[~ Avalanches [~ Permafrost Thaw/Freeze
[ Slope Creep [ Frozen Debris Lobes
[~ Wind Blown Soil/Dunes [~ Other
[~ Settlement or Heave [ ]

1.04 Which hazard, disaster, or extreme event types do you most frequently encounter?

1.05 Which hazard, disaster, or extreme event types are most detrimental to your organization's finances and
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reputation?

the space provided.

[~ Geologic Maps

[ Boring / Well Logs

[~ Laboratory Test Results

[~ Groundwater Data

[~ Subsurface Profiles

[~ Geotechnical Reports

[ Instrument Monitoring Repotts

[~ Corridor Maps / Air Photos

[~ Geologic Maps

[~ Boring / Well Logs

[~ Laboratory Test Results

[~ Groundwater Data

[~ Subsurface Profiles

[~ Geotechnical Reports

[ Instrument Monitoring Repotts

[~ Corridor Maps / Air Photos

Question 2.02?7

C Yes

 1-2 Years

2.01 What geotechnical data does your organization keep on paper file? Check all that apply and add additional items in

[~ Design Drawings

[~ As-Built Drawings

[~ Construction Logs

[ Maintenance Logs

[~ Extreme Event Reports
[~ Pre-Event Photos

[T Data From Other Sites

[~ Other

2.02 What geotechnical data does your organization keep in electronic format suitable for visualization? Check all that
apply and add additional items in the space provided.

[~ Design Drawings

[~ As-Built Drawings

[~ Construction Logs

[ Maintenance Logs

[~ Extreme Event Reports
[~ Pre-Event Photos

[~ Data From Other Sites

[~ Other

2.03 Does your organization have a centralized electronic database for any or all of the geotechnical data listed in

 No ( Don't Know

2.04 If yes to question 2.03, how long is the data retained?

¢ 5-10 Years ( Other
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Survey Questionnaire

 2-5 Years ¢ Permanently [

2.05 If yes to question 2.03, what database do you use? Please specify database in "Comments" space below.

 Department Developed Database
¢ Commercial Database

¢ Open Source Database

Comments

2.06 Do you use aformal geotechnical data exchange format?

¢ Spatial Data Standard for Facilities, Infrastructure, and Envircnment (SDSFIE, DoD)
¢ Data Interchange for Geotechnical and GeoEnvironmental Specialists (DIGGS)
 Association of Geotechnical and Geoenvironmental Specialists (AGS)

¢ No Formal Exchange Format Used

¢ Don't Know

¢ Other [ ]

2.07 What geotechnical instrumentation does your organization use? Check all that apply and add additional items in the
space provided.

[T Open Stand Pipe Wells [~ Plumblines

[ Piezometers [ Liquid Level Systems

[~ Inclinometers [~ Optical Surveys

[ Settlement Gages [ Total Station Survey Systems
[ Displacement Gages [ Seismometers

[ Load Gages [~ Other

[T Extensometers [ ]

2.08 On what types of projects do you use geotechnical instrumentation? Check all that apply and add additional items
in the space provided.

[~ During New Construction [~ Pavement
[~ Long Term, Post-Construction [~ Bridges
[ Hazard Monitoring [~ Other

[~ Foundations, Subgrade [ ]
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space provided.

[~ Required by Department

[~ Risk Analysis

[~ Expert Opinion and Engineering Judgment
[~ Other

2.09 How is the decision to use geotechnical instrumentation made? Check all that apply and add additonal items in the

space provided.

[~ Manual Readings
[~ Automated Data Acquisition Systems
[~ Portable Electronic Devices

[ Other

2.10 How do you collect geotechnical instrumentation data? Check all that apply and add additional responses in the

all that apply and add additional responses in the space provided.

[~ Field Tests

[~ Laboratory Tests

[~ Analysis

[~ Expert Opinion and Engineering Judgment
[~ Other

2.11 How do you establish hazard mitigation warning and action levels for geotechnical instrumentation data? Check

responses in the space provided.

[~ Spreadsheets

[~ Department's Central Database

[~ Vendor Software and Database (please specify name in "Comments” below)

[~ Web-Based Software and Database (please specify hame in "Comments" below)

[~ Other

2.12 How do you store and process geotechnical instrumentation data? Check all that apply and add additional

Comments

Copyright National Academy of Sciences. All rights reserved.
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Survey Questionnaire

2.13 What remote sensing data does your organization use for geotechnical mapping and monitoring? Check all that
apply and add additional items in the space provided.

[~ Air Photos [~ Radar (SAR, inSAR, GPR, efc.)

[T Satellite Images [~ Thematic Data (e.g. soil type, moisture)

[T LIDAR [T Other

[~ Topographic Data [ ]

2.14 Where do you obtain remote sensing data for geotechnical mapping and monitoring? Check all that apply and
add additional items in the space provided.

[T Commercial Sources [~ COSMOS

[T USGS [T NASA

[~ USDA [~ Generated by Department Staff

[~ Google or Bing Maps [~ Other

[~ Google Earth [ ]

2.15 What geotechnical data visualization software does your organization use? Enter name of software that you use in
the spaces provided.

Spreadsheet General Purpose Database Software

l J | ]
Boring Log Generator Fence Diagram Generator

[ ] | J
Laboratory Software General Purpose X-Y Plot Software

[ ) | l
General Purpose Contouring Software Geographical Infformation System (GIS)

I J | ]
Image Analysis (remote sensing data} Proprietary Instrtumentation Software

I J | l
Web-Based Imaging Systems Other

[ J | J

2.16 Who in your organization uses geotechnical data visualization software? Check all that apply and enter other users in
the space provided.

[T Managers [T Emergency Response Personnel

[~ Planners and Designers [ Law Enforcement/Security
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[~ Geologists
[~ Geotechnical Engineers
[~ Other Engineering Disciplines

[~ Laboratoty Staff

[~ Landslides

[~ Embankment Failures

[~ RockFalls

[~ Debris Flows

[~ Avalanches

[~ Slope Creep

[~ wind Blown Soil / Dunes

[~ Settlement or Heave

other types in the space provided.

[~ Landslides

[~ Embankment Failures

[~ Rock Falls

[~ Debris Flows

[~ Avalanches

[~ Slope Creep

[~ Wind Blown Soil / Dunes

[~ Settlement or Heave

[~ Hazard Ildentification
[~ Condition Assessment
[~ Condition Monitoring

[~ Planning Mitigation

[~ Maintenance Personnel
[~ Construction Personnel

[~ Other

3.01 What types of geotechnical hazards have you been able to mitigate impacts through data collection and
visualization? Check all that apply and enter other types in the space provided.

[~ Lateral Spreading

[~ Surface Ruptures

[ Subsidence

[~ Sinkholes

[~ Permafrost Thaw / Freeze
[~ Frozen Debris Lobes

[~ Other

3.02 What types of geotechnical hazards have you been unable to successfully mitigate? Check all that apply and enter

[~ Lateral Spreading

[~ Surface Ruptures

[~ Subsidence

[ Sinkholes

[~ Frozen Debris Lobes

[~ Permafrost Thaw / Freeze

[~ Other

3.03 In what phase of developing hazard mitigation measures do you use geotechnical data visualization? Check all
that apply and enter other uses in the space provided.

[~ Analysis of Mitigation
[~ Design of Mitigation
[~ Construction of Mitigation

[~ Other

Copyright National Academy of Sciences. All rights reserved.
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Survey Questionnaire

3.04 How has geotechnical data visualization contributed to the development of hazard mitigation measures? Check
all that apply and enter other responses in the space provided.

[~ Clearer Identification of Potential Issues [~ Better Analysis
[~ Better Assessment of the Issue [~ Better Design
[~ Better Monitoring [~ Other

3.05 How has geotechnical data visualization contributed to the implementation of hazard mitigation measures?
Check all that apply and enter other responses in the space provided.

[~ Improved Public Safety [~ Better Analysis
[~ Improved Traffic Mobility [ Faster Construction
[~ Improved Worker Safety [~ Other

401 What geotechnical data would you find most useful in responding to disasters or extreme events? Check all that
apply and add additicnal responses in the space provided.

[~ Geologic Maps [ Design Drawings

[~ Boring / Well Logs [~ As-Built Drawings

[~ Lahoratory Test Results [~ Construction Logs

[~ Groundwater Data [~ Maintenance Logs

[~ Subsurface Profiles [~ Extreme Event Reports
[~ Geotechnical Repotts [~ Pre-Event Photos

[T Instrument Monitoring Reports [~ Data From Similar Sites
[~ Corridor Maps / Air Photos [~ Other

402 What geotechnical data do you have on-line access to in the field when responding to disasters or extreme
events? Check all that apply and add additicnal responses in the space provided.

[~ Geologic Maps [ Design Drawings

[~ Boring / Well Logs [~ As-Built Drawings

[~ Lahoratory Test Results [~ Construction Logs

[~ Groundwater Data [~ Maintenance Logs

[~ Subsurface Profiles [~ Extreme Event Reports
[~ Geotechnical Repotts [~ Pre-Event Photos
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[~ Instrument Monitoting Reports

[~ Corridor Maps / Air Photos

[~ Damage Assessment

[~ Safety Analysis

[~ Communication and Coordination
[~ Public Safety

[~ Traffic Control and Routing

[~ Geologic Maps

[~ Boring / Well Logs

[~ Laboratory Test Results

[~ Groundwater Data

[~ Subsurface Profiles

[~ Geotechnical Reports

[~ Corridor Maps / Air Photos

[~ Design Drawings

[~ Assessment
[~ Planning

[~ Analysis

[~ Quicker Recovery
[~ Improved Public Safety

[~ Improved Traffic Mobility

[~ Data From Similar Sites
[~ Other

403 Does geotechnical data visualization play a role in any of these aspects of your response to disasters or
extreme events? Check all that apply and add additiocnal responses in the space provided.

[~ Temporary Repair Design

[~ Temporary Repair Implementation
[~ Worker Safety

[~ Other

5.01 what geotechnical data do you find most useful in long-term recovery from disasters or extreme events? Check
all that apply and add additional responses in the space provided.

[~ As-Built Drawings

[~ Construction Logs

[~ Maintenance Logs

[~ Extreme Event Reports
[~ Pre-Event Photos

[~ Data From Other Sites

[~ Other

5.02 How do you use geotechnical data for long-term recovery from disasters or extireme events? Check all that
apply and add additicnal responses in the space provided.

[~ Design
[~ Construction

[~ Other

5.03 In what way has geotechnical data visualization contributed to long-term recovery from disasters or extreme
events? Check all that apply and add additional responses in the space provided.

[~ More Economic Design and Construction
[~ Improved Public / Stakeholder Communication
[~ Other
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Survey Questionnaire

[~ Improved Worker Safety

6.01 How often does your organization use tools to visualize geotechnical data for disaster or extreme event
response and mitigation?

¢ Frequenty ¢ Occasionally ( Rarely ¢ Don'tUse ( Don't Know

6.02 How would you characterize your organization's level of use of geotechnical data visualization tools?

( ExpertLevel ( Intermediate Level ( Enfry Level (& Don'tUse

6.03 Geotechnical data visualization improves our ability to mitigate hazards. Indicate your level of agreement.

 Agree ( Generally Agree ( Generally Disagree  ( Disagree (~ No Opinion

6.04 Geotechnical data visualization improves our ability to respond to disasters or extreme events. Indicate your

level of agreement.

" Agree ( Generally Agree  (— Generally Disagree  (C Disagree ( No Opinion

6.05 Geotechnical data visualization improves our ability to achieve long-term recovery from disasters or extreme

events. Indicate your level of agreement.

 Agree ( Generally Agree ( Generally Disagree  ( Disagree ( No Opinion

6.06 Please provide any additional comments you may have regarding geotechnical data visualization for disaster
response and mitigation.

Thank you for replying to this questionnaire. If you have any questions or comments, please feel free to contact Mr. Hollie Ellis at

Email: hle@shanwil.com
Phone: (206) 695-6847
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1.01 What natural phenomena hazards do you encounter?

AK[AL|AZ|CA|CO|CT|DE|GA|HI|IA[ID|IL|IN|[KS A | MD | ME | M| MN| MO |MT[NC[HND|[NE|NH|NJ|NV|NY|OH|OR|PA|PR|RI | SD|TN|[TX|UT|[VT|WI| WV |[WY|Count
Earthquakes MK X X XK X XX MM KX KX X XX 20
Volcanoes X X 2
Floods MK B I I I I A I A B B O G (N P (R I P I L I P N A L A N O G O (O S 40
Tsunamis X X X X X 5
E Extreme Precipitation XX KX Mol MK XX P I (N A (A S I A A O [ I I G I I I I 4 XXX X 35
E Extreme Temperatures | X [ X X X L Ml M| M| X X Mo M| K| K p M M M| KX X ped|
Freezing/Thawing Grour X X X MK KK Mo K[ XXX L S I A A ) P I O X X KX K| K] X[ X &
High Velocity Winds MK EO A R I XK E G (R B (L I I L A O O R 4 M| XX X X H
Storm Surges MK X X XX X KX X XX X X X X 17
Other X X | X X X 5
Count| 9| 8| 1| 5| 5| 4| 3| 4| 5| 4| 2| 4| 5 & g 8] 6| 5| 5| 5| 7| 8| 4| 4| 7| & & & 4| 5[ & 5[ 5| 5| 3 5| 5| &5 4 2| 4

1.02 What geotechnical hazards do you encounter?
AK|AL|AZ|CA|CO|CT|DE|GA|[HI[IA]ID|IL|IN|[KS MA | MD | ME | MM [ KO | MT [NC|HD|NE|NH|NJ|NV|NY |OH|OR|PA[PR|RI [ SD|TH | TX|UT [VT|WI|WV|[WY|Count
Landslides M X[ XXX MK K| K| XXX X M KR X K| XXX XXX XXX XXX XXX XX 40
Embankment Failures L O [ I I X S I I I L I [ I I O I O I P N [ [ I B I 4 39
Rock Falls MK XXX MIX] XX XX KK X XX MK XX K| K| XX MK KRR K| K 34
Debris Flows X XX X X X X KKK ES A A 4 X XX X 18
Extreme Precipitation X X X X X X X X ]
Slope Creep X[ XXX MIX]X|X XX XX MK | K| K| K[ XX MM K| X[ X[ XXX XX MM K] K| K 35
E [Wind Blown SoillDunes X X XX X X X X 8
E High Velocity Winds M| XX L O ) R I M| X P [ I A P I I (R L B O I I [ (R O P P N A I I I 4 39
I |Lateral Spreading X XX X XX X XXX XX X X X XX X 18
Surface Ruptures X XX X KX X X ]
Subsidence M| XX X X MMM X FO O I R I R 4 Ml x| x| X MK X LS e X 22
Sinkholes XX X KKK XX MK XX K| XX K| K| X MK K X MM K] K| K 28
Permafrost ThawiFreeze | X X pd
Frozen Debris Lobes L4 1
Other X X X 3

Count| 12| 7 [ 8|7 (10327 |8|7[8]|3]7]% alel77)a|s 2| e|s|&fT2MM[a|s|T7[10]s]|8 |7 |4|12[8]8|8]89
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1.03 What geotechnical disasters have you had to respond to?

AK|AL |AZ|CA|CO|CT|DE|[GA|HI|IA[ID[IL [IN[KS|LA|NMA|MD|ME|MI|MN|MO|MT|NC|ND|NE|NH|NJ|NV|NY|OH|OR|PA|PR|RI|SD|TH|TX|UT [VT|WI|WV|WY|Count
Landslides M K| XXX XIX[X[X][X|X]X XX £ I I I P I O I B I O I M K[ XX XX XX 37
Embankment Failures EL S [ S I O I S I O 4 EL O O I I I I A 4 L (N O I G B S B G (O A N O (O I I (A I 4 B 4 .4 L I I I (O B4 I A I 39
Rock Falls EL O [ S I O I S I O 4 KK X|X X Xl XK X XX MIX| XXX X[ XX L I I I (R I I A 3
Debris Flows XX X X X X b4 X XK X X XX X 15
Avalanches X X X X X 5
Slope Creep | X XXX XX LY. X| X XXX M| X | X|X X M| X X 24
5 |Wind Blown Soil/lDunes X X X X 2
g Settlement or Heave X|X| X K| X | XXX X X[ X[ X]|X[ X XIX|X[X][X]X]|X]|X X|X|[X]|X|X KIX X[ X[ XX 33
E Lateral Spreading X XX X XX XX XX X X X X 14
Surface Ruptures X XX XX X 6
Subsidence XXX X MIXK[E| K| X RO O I I X XKl XXX XK b4 X X 24
Sinkholes XX X KKK MM X KK X| X X XX Xl XXX XX x R O A I 28
Permafrost Thaw/Freeze | X 1
Frozen Debris Lobes 0
Other X XX X 4 5
Count| 8 | 7| S| 7| 7217 |7|7]&]3]5][% dlg|lg |7 748 |gls)3jafT12[M] [T T7[M0)1])E6|5]4]8[8]|5]8]|8

2 01 What geotechnical data does your organization keep on paper file?
AK[AL|AZ |CA|CO|CT[DE|[GA[HI[IA]ID|IL [IN [KS|LA | A | MD [ ME|MI{MN[MO|MT |[NC|[ND|NE[NH|NJ|[NV|NY|[OH|OR|[PA|PR|RI|SD|[TN|TX|UT [VT [WI[W\V [ WY |Count
Geologic Maps Xl x| X RO I I I X XX o I (A I A O I 4 K| XX Xl K| X XK MIX| X X | X 3
Boring / Well Logs M| K| X X K K| X MM | K| K| XX K| M| K| K| XX R XX | K| X XX XXX X 33
Groundwater Data X XX X XX X X | X X XXX XX XX X X X 20
Subsurface Profiles X X X K| X Ml M| X[ K| X | X XXX M| K| X | X|X XX X X 25
Geotechnical Reports MR KX KX | XK X X L I I G (O [ I (R 4 I O 4 [ O . [ B 4 KX | K[| X[ X XXX X 34
Instrument Monitoring Ref X MK X XK L I R 4 XX XK MK K M X X X X 22
« |Corridor Maps / Air Photo) XX K| X X K| X X XX X XX X X MK X 18
2 |Design Drawings X X XXX XXX X XX X|X[X]|X XXX | X|X XX X X | X 26
= As-Built Drawings MR K| X M| X[ XX XX X X K| X XXX XX Xl K| X X X X 28
Construction Logs XX XX XX L4 K| X[ X[ XX X X XX L4 18
Maintenance Logs X KX X X X X X X XX 11
Extreme Event Reports X X XX X X X XX X 10
Pre-Event Photos X X XX X X ]
Data From Other Sites 1
Other X x X X 4

Count*| O[N] &) 88153 |saMm)2|z2|8|se|se|a|le|lz|M1]a8|wo1z|7[m)sel[a[12[10)jo|MMja|11|{3|ls]|a|0][s]3[4)2]10

* Count = 0 may imply no response to this question
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2.02 What geotechnical data does your organization keep in electronic format suitable for visualization?

AK[AL|AZ|CA|CO|CT|DE|GA|HI[IA[ID|IL|IN[KS|LA|[MA|MD|ME[MI|MN|MO|MT[NC|[ND[HE[NH|[NJ|NV|NY|OH|OR|PA|PR|RI|SD|TH|TX|UT [VT [WI|WV|WY|Count
Geologic Maps X X XX X X X XX X XX LY. XXX X XX | X 23
Boring / Well Logs X XXX MIX| XXX XXX XXX XX X[X[X[X[X] XXX XX X X XX XX 35
Laboratory Test Results XXX XX K| K LA A I I I I I O O B B 4 4 X X L. M| X XX 28
Groundwater Data X X X XX MK X XX MK X X X X X XX 20
Subsurface Profiles X X XK L I A A 4 X X X LS MK X Xl K| X 21
Geotechnical Reports KIX| XX | XX MK XX K| X O O I I I I I I I I X X XX LS O O I 33
Instrument Monitoring Re XX X XX X X X XX XX XX KIX|X| X | X 19
£ |Corridor Maps / Air Photo X X X X X X X K| KX XX X X | X 17
£ Design Drawings M| X XX R I I I O O (O O O O O I O (O O 6 XX X XXX M| X XX H
As-Built Drawings MK K L I L K| K X M| X XX XX X M| X XX 22
Construction Logs X X XXX X X X XX X XX 13
Maintenance Logs X X X X X 5
Extreme Event Reports X X X X X X 6
Pre-Event Photos X X X X X X X 7
Data From Other Sites X X X 3
Other K| x X X 4
count:| 0 [10] a7 als|elz]11a]7]s|t|a|n| a7 7 el76 |6 [1z]a]o|n]elelzlelzalalal7{s]a]lolti{10la]10]1
* Count = 0 may imply no response to this question
2.03 Does your arganization have a centralized electronic database for any or all of the geotechnical data listed in Question 2.027
AK[AL[AZ[CA|CO|CT|DE|GA|HI[IA]ID|IL [ IN|KS]LA|MA|[MD)ME| NI MN|MO|MT|NC|ND|NE[NH [NJ [NV [NY [OH[OR|[PA|[PR|RI| SD|TN|TX|UT [VT [WI [ WV |WY|Count
E Yes X X X XX x| X X X X X X X XXX XX X 15
é No XXX X XXX XX X XK X X X M| X X X XX X 23
Count*| 1 |1 |1 [ 1 [ 1111111111 1]1 111 )11[1 1 TPttty 1
2.04 If yes to question 2.03, how long is the data retained?
AK[AL[AZ|[CA|CO|CT|DE|GA|HI[IA]ID|IL [IN |KS]LA|MA|[MD)ME|MI|MN|MO|MT|NC|ND|NE|[HH[NJ [NV [NY[OH[OR[PA|[PR|RI|SD|TN|TX|UT [VT [WI[WV|WY|Count
= Permanently X X X XX XXX XK X XX X X XX X 12
2 (Don't Know X X X 3
2 Other X X X X 4

Count*| O | 1 [ 1)1 o1 jof1 1|1 |jojof1

-

=

-

* Count = 0 may imply no response to this question
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2.05 If yes to question 2.03, what database do you use?
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AK|AL[AZ|CA|CO|CT|DE|GA [ HI[LA[ID]|IL | IN|KS|[LA|MA|[MD|ME|MI|{MN|{MO|MT|[HNC|ND|[NE|NH|NJ|NV|NY|[OH|OR|PA|PR|RI|SD|THN|TX|UT|VT|WI|WWV|WY|Count
E Department Developed Da XXX X X X XX X X X X X X X 15
& Commercial Database X X X XK X X X X 9
Count*{ O |1 [1 |1 o101 |[1|[1|ojoj1]1|[1]O0[1[1]0]1]1 pl1jof1)of1]joj1prfoj1rfojofoj1jofoj1]1]0]1
* Count = 0 may imply ne response to this question
2.07 What geotechnical instrumentation does your organization use?
AK|AL[AZ|CA|CO|CT|DE|GA|HI|IA|ID|IL|IN|KS|[LA|MA|MD|ME|MI|MH|MO|MT|NC|ND|[HE|NH|NJ[HNV|NY|[OH|OR|PA|PR|RI|[SD|TN|TK|UT|VT|[WI|WWV|WY|Count
Open Stand Pipe Wells Xl XXX X LS L4 b4 L O I I I I I o (4 XKl &R X[ XX X XX XXX L4 28
Piezometers XKl XX | x| X Lo I O I O (L O 8 XX P (L R A A A B I A P I B 4 (4 x| X KRR K| X 35
Inclinometers Xl XXX X P O I G O O O (A . S A I, . 4 A . A (O O O [ I 4 O A [ O I 4 (4 XX EO O I I 38
Settlement Gages X XXX MIM|M|X| XXX X]| XX PO I [ I A O O I O I B O X XXX X | X 33
Displacement Gages X X X X XX Xl X X X X 11
o |Load Gages XX XXX X X X X | XX M| X 15
2 [Extensometers X X X XX X K| X XXX XX NI XXX X X 19
™ [Plumblines X X X X X X B
Liquid Level Systems X X X X XX X
Optical Surveys XXX X X X X X[X[X]|X NIM|X| XXX XX M| X X X 24
Total Station Survey Systd X X X X XX | XXX X[ X X X X X 15
Seismometers X X X X X X X 7
Other X X X X X X { X 2
Count| 0 |6 |6 |6 |12 40| 4|6)4|13]2|6|8|4]| 4|6 |5 |88 |5 )&[12|7|T7]|e|&|s|T7|s|7|7)a|1|6|4|0f10]E][5] 4|4

* Count = 0 may imply ne response to this question
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2.08 On what types of projects do you use geotechnical instrumentation?

AK|AL|AZ|CA|CO|CT|DE|GA|HI|IA]ID|IL [IN [KS| LA | MA | MD|[ME|[MI|MH|MO|MT|NC|ND|NE|NH|NJ|NV|NY|[OH|OR[PA[PR|RI|SD|[TN|TX[UT|VT [WI|WV|WY|Count
During New Construction XX XXX Ml X] XX L I N O O (G O O G I O O (A I O O I A XXX X 36
Long Term, Post-Constru X XXX K K| X XX | X X X[ XX K K| X XX XX XX XXX X 28
+ |Hazard Monitoring Ml M| K| X XXX MK XXX X S I [ O P I M K| K| XXX XX X| X K| XK 32
% Foundations, Subgrade X X X XX XXX X X Kol X K| XX XX X X[ X X X 22
2 (Pavement X MK XX X X X L4 9
Bridges XX X Kl K| XXX XXX X XK X[ X X XX X X X XX X 25
Other X X X X 5
Count| 0 [ S5[|3)3|s5|2|6|2|4f[5|6|2]|6|6|5]|1 |41 |5]3|a|s|6|d4|a|2|4)3]|d)a|2]|T7)23[4]d4]af0)a|ls5]2]3]32
* Count = 0 may imply no respense to this guestion
2.09 How is the decision to use geotechnical instrumentation made?
AK|AL[AZ|CA|CO|CT|DE[GA|HI[JA[ID[IL[IN[KS|LA[MA|MD|ME[|MI|[MN|{MO[MT|[HC|ND|[NE|NH|NJ[HNV|NY|[OH|OR[PA|PR|RI|SD|TH|TX|UT|[VT|WI|WV|WY|Count
= Required by Department X X X X XX 6
2 [Risk Analysis X X X X X X[ X XXX X X 12
§ Expert Opinion and Enging KIX| XXX LS . O O I B O (R A I 6 P O S I A I (N O O O O A I, A O I A O I A 4 I B 4 KX X| X ]| X 37
Other X X b4 3
Count| O | 1 [ 1] 2[1 {1112z 1(1]2]2]1 1121 1]1 221 (2121311312211 2[1[0]1[1]1]1 1
* Count = 0 may imply no response to this guestion
2 10 How do you collect geotechnical instrumentation data?
AK|AL|AZ|[CA|CO|CT|DE|GA|HI | TA|ID[IL [IN |KS| LA | MA [ 1D | ME| M| MH [ MO [PMT[NC|HD|[NE[NH|NJ [NV |NY [OH|OR|PA[PR|RI|SD|TN | TX|[UT | VT [WI WV | WY | Count
= Manual Readings E e O I 4 L B I I B B O I O I I I I O I I (O [ O I I (. I I A I I B KoMK XK 36
¢ |Automated Data Acquisiti x| X K| X X X X X X K| X X Kl x| X| XXX X | XX X 25
§ Portable Electronic Devicel | X|X|X XIX|X|X XXX XX XXX XXX K| X X XXX X K| X 28
Other X X 2
Count| D [1 | 2|3 |3 2|01 |2|3|3[1[2]2]3]1 2|z 3]2 33|21 (3|22 3l2|2|2|4[2|3|0|3]|2]|3]|2]|2

* Count = 0 may imply ne response to this gquestion
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2.11 How do you establish hazard mitigation warning and action levels for geotechnical instrumentation data?

AK|AL|AZ|CA|CO|CT|DE|GA[HI[TA]ID|IL | IN |KS|LA|[MA [ MD|ME|MI|{MN|{MO|MT[HC|ND|[HE|NH|[HNJ|NV|NY|OH|[OR|PA|PR|RI|SD|TN|TX|UT|VT|WI|WV|WY|Count

Field Tests X| X M| X X X X | X X K| X XXX X 16

'g Laboratory Tests X Xl X X X X | X XX X XX X X 14

& |Analysis X X X K| XX X X XX XX M K| K| X X KX | M| KX Kl XX K| X 27

E Expert Opinion and Enging XXX X|X KKK X XX X[ X[ X G T I (NP O B O B I B M XX KX XXX K| X 36

Other X X X 3
Count| D |1 |31 2|1 |2]&|[1|2|a|1|1|2]2[1|af[1|1|a|a]2|2[1|4|3|[4]4a|1]2|1]|4|&|3|4])2|0]23|3]|2]2]|2

* Count = 0 may imply no respense to this gquestion

2.12 How do you store and process geotechnical instrumentation data?

AK|AL|AZ|CA|[CO|CT|DE|GA|HI|IA[ID[IL[IN|KS|LA|MA|MD|ME|MI|MHN|MO|MT|NC|ND|HE|[NH|[NJ[NV|NY|OH|OR|PA|PR|RI[SD|TN|TK|UT|VT|WI|WWV|WY|Count

Spreadsheets X NI XXX XXX XXX XX Ml X x| X NI IX|X[X|[X[X][X|X]|X[|X]|X]|X XX M| K| K| K| X 36

'g Department's Central Datg X X X X X X X X ]

& |Vendor Software and Datd M X X X X X Ml K| XK XX X NI K| K| X XK Ml X 21

E Web-Based Software and X L4 L4 X 4

Other X } X X X 6
Count| O f2[1 )23z 112|213z r|z|1]4]lz|z)z2|z|z)z|1 121223213201 ]3]2]2]3

* Count = 0 may imply no response to this guestion

2 13 What remote sensing data does your organization use for geotechnical mapping and monitoring?
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AK|AL |AZ|CA|CO|CT|DE|GA[HI[IA]ID)IL|IN |KS|[LA|MA|[MD|ME|MI|MN|MO|MT|NC|ND|NE|NH|NJ|NV|NY|OH|OR|PA|PR|RI|SD|[TH|TX|UT[VT|WI|WV|[WY |Count

Air Photos X K| M| XX M K| K| X X K X[ X[ X[ XXX XXX XX XX XXX M| X X | X 31
Satellite Images X X M M| K| X XX | X X X[ XX XXX XX X X X | X 22

+ |LIDAR Kl x| K| X K| K| X K| K| X Kl x| X | XX X MK XXX X X X | X 26
E- Topographic Data M| X X Mo M| K| X K| X LS I I I Mo M| K| X M| M| X M K| K| X 26
& |Radar (SAR, inSAR, GPR, & XX XX X XX X X L4 10
Thematic Data (e.g. soil ty X X X X 4
Other X[ X X X 4

Count| 0 | 3| 2|5 |3 |3 |11 |[1|5|6|4|a|1|4|a|2|0|s|a|a|s|6|2|3|2|2[4|a|3]|4]2[1]|3]|2[4]|0]|1]|3]|2] &]E

* Count = 0 may imply no response to this gquestion
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2.14 Where do you obtain remote sensing data for geotechnical mapping and monitoring?

AK AZ|CA|CO|CT GA IA]ID|IL|IN LA MD MI{MN [ MO |MT|NC [ND|NE|NH NV |NY|[OH|OR|PA RI|SD|TN UT | VT [ W1 W Wy
Commercial Sources XK X X X X
USGS | X X X X X XXX X[ X|X[X]|X XX X[ X XXX X| X
USDA X X X K| x| X X X X X
= [Google or Bing Maps X X X XX X X L O I I X XXX X XX X X
§ Google Earth X L4 X X L4 b I O I A I O 4 I B 4 XX X MK K EO I O R I
@ |COSMOS
HASA X
Generated by Department X X | X X XK X X K| X XXX X KX X K| X KK X XX X
Other X X X X
Count 1l4)2 |8 1 5/0]3]|5 3 4 Sl 4 |5 | afaj3]3)4 5]85[3]3[|3 3|5([5 2213 4]3
* Count = 0 may imply no rezponse to this question
2 15 What geotechnical data visualization software does your arganization use?
AZ|CA|COD|CT GA IA|ID[IL[IN LA MD M1 MH | MO |MT|NC [ND|NE|[HNH NV |NY|OH|[OR|PA RI[SD|TN UT | VT [ W1 W Wy
Spreadsheet MIX|[X]| X X X XX X X XXX XXX X XX X X XX | X
General Purpose Databas X X X X X X XX XXX X XKIX|X| X ]| X
Boring Log Generator KX XX KX XX X X L I O I A O I A A X XXX X X Ml XX K| X
Fence Diagram Generator KK X X X Xl K| X X XXX X XX
Laboratory Software L4 XX XX L4 b4 X . I O I S O I I B X MK K X X L4
2 |General Purpose X-Y Plot X X X O O XK X X x| X
S General Purpose Contour] X X X X X X X XX X XX XX
Geographical Information XX X X X X X | X XXX X XX XX X[ X
Image Analysis (remote g X X X X X X X X X
Proprietary Instrumentati X X X X X MM K LS X X X X
Web-Based Imaging Systg b4 b4 X X b4 XX b4
Other X X X
Count 5]12]|8)|5 2 713311 10 3 6|6|6|5|9]6|9|6 3|0 &ef11] 4 112N 513N 7|7

* Count = 0 may imply no response to this question
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2 16 Whao in your organization uses geotechnical data visualization software?

AK|AL[AZ|CA|CO|CT|DE|GA[HIIA]ID|IL | IN [KS) LA [MA | MD|ME|MI|MH[MO|MT|HC[ND|HE|NH[NJ|NV |NY|OH[OR|PA|PR|RI|SD|[TN|TX|UT VT |WI| WV |WY | Count
Managers X X X XX X X X X 9
Planners and Designers X X X X X X X X X 9
Geologists XXX X MK K| X X Xl X[ x| X X X M| K| K| X LY. Kl x| x| x| X 27
Geotechnical Engineers NIX| XXX N XXX XXX X Ml M| X X[ x| XX XXX X M| K| K| X LY. KX X| X | X 35
° Other Engineering Discipl X X X X X X X 7
2 |Laboratory Staff X X X X X X X X X 9
= Emergency Response Pe X 1
Law Enforcement/Security 0
Maintenance Personnel X X X X 4
Construction Personnel X X X X 4
Other X X 2
Count| O[22 |3 |1 |oj2|1|7l2|1|3al2|2|0|3|[1|4]|2|6|2|s4|2|4)3|0]|6|0]|9|2|4|2f0f2)s|olz2|2])3]2]3
* Count = 0 may imply no response to this question
3.01 What types of geotechnical hazards have you been able to mitigate impacts through data collection and visualization?
AK|AL|AZ|CA|CO|CT|DE|GA[HI[IA[ID[IL|IN|KS|LA|MA|[MD|ME|NMI|RMHN|[MO|MT|NC|HND|NE|NH|[NJ|HNV|NY|[OH|OR|PA|PR|RI|SD|THN|TX|UT [VT | WI|WWV|WY|Count
Landslides KX XX X MIXK[E| XX Ml K| X | K| XXX X XX XX XX KX X[ X[ X 28
Embankment Failures KX XX KKK X X XXX K K| XX XX KX X[ XXX X L4 Xl KX 30
Rock Falls XXX MK X b4 X oKX XX XX XX KX X[ X[ X 22
Debris Flows X X X X X 5
Avalanches X 1
Slope Creep XX XX X X X XX XX 11
E |Wind Blown Soil | Dunes 0
E Settlement or Heave X X | X XX X XXX KX XX X XXX X X x| X 21
I |Lateral Spreading X Mol X X X X 6
Surface Ruptures X 1
Subsidence X X XXX X b4 X XX X X 12
Sinkholes X XX X x XXX X X X XX X XX 16
Permafrost Thaw |/ Freezs 0
Frozen Debris Lobes 0
Other X X X 3
Count| 0| 3| 6|43 2|21 [4f7|(7|2|3|0|3|0 |4 |a|T7|a|3]4a|T|4|3]|1]4]l3|1|s]2a|T|10[2]3]|5|0o)a|2]|aa]|7T
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3.02 What types of geotechnical hazards have you been unable to successfully mitigate?

AK|AL|AZ|CA|CO|CT|DE|GA[HI[IA]ID]IL|IN |KS|[LA|MA|MD|ME|MI|MN|MO|MT|NC|[ND|NE[NH|NJ|NV|NY|OH|OR|PA|PR|RI[SD|TN|TK[UT|VT|WI|WV|WY|Count
Landslides XX L4 X X X X L4 X 9
Embankment Failures XX X X X X X X X X 10
Rock Falls K| X X L. XX X X 9
Debris Flows XX XX X X X X 2
Avalanches X X 2
Slope Creep XX X X X X X 7
E |Wind Blown Soil / Dunes X X X 3
E Settlement or Heave X b4 X X L4 X X 7
I |Lateral Spreading X X X 3
Surface Ruptures X X X 3
Subsidence X X X X XX 6
Sinkholes X X X X X X X X | X XXX 12
Frozen Debris Lobes X 1
Permafrost Thaw / Freezqg X 1
Other X X X 3
Count Tlals|2(o)2|1(z|0jojofjz|0]|0]| 4 j|ofo]o0 0 glalz|(1|o0jofls|o|&|[1[1|2]3|0|0]|Oof10]4]1]|0 4

3.03 In what phase of developing hazard mitigation measures do you use geotechnical data visualization?
AL|AZ|CA|[CO|CT|DE|GA|HI|IA|ID|IL |IN|KS|LA|NMA[MD|ME|MI|[MN|{MO|MT|NC|ND|[HE|NH|NJ|NV|NY|OH|OR|PA|PR|RI|SD|TN|TX|UT|VT|WI|WV|WY|Count
Hazard ldentification M| X NIX|X|X X X KX | X | K| X XX X | XX XX M| X X 25
Condition Assessment X|X|X M| M| K| XX X X XXX | X|X NIX[X[X|X[X]| XX K| X M| K| K| K| X 30
Condition Monitoring I X[ X[X]X XX X X X K| M| X | X XK[X| XX XIX[X| XX X L I 29
E Planning Mitigation XX XX X L4 XX XK X[ X XX XXX X XXX 21
E Analysis of Mitigation X X MM X Lo A 4 XX EO A O I X XX XX X XX K| X 28
Design of Mitigation XX X[ X XXX X X[ X[ X M M| K| X X)X KX X XX X|X X XKIX|X|] X | X 30
Construction of Mitigation X XX XX X XX X| X NI XXX XX X | X| XX X X X X 25
Other X X X 3

Count dlel4|g 2|01 |3|7|7)3)e|o|s| 3| 7|1 |T7| 7|47 T7|(s|7|s||F7|(2|7|T7|7|3|1|2|T7|0|s]|6|s5|5]|®¢&
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3.04 How has geotechnical data visualization contributed to the development of hazard mitigation measures?

ak[aL[az[calco[cToE[calHI (A [IL[N[KS[LATMATMD[ME[mi]mn]mo[mT [uC [uD[NE[HH] NI [Nv [Ny OH]OR[PATPR] RI[SD[TH]TXUT [WT [wi[wv]wy|Count
Clearer ldentification of P XXX KK X X X E O I I I Ml K| XX KKK KKK XX XX 27
Better Assessment of the Kl XXX XKIX|[X X X Ml K| K| XX L O I I I I MK KX X[ X[ X 30
E Better Monitoring A X X X X x| X AEREBE X N X HEE X 22
£ [Better Analysis x| X X AEE X X X X N X X x| X X XX X AR 24
© [Better Design NEEE HEE X X A B AR N X X AR 26
Other X X 2
Count| 0| 2| 8| 4| S| 0|11 [4]|5[4|0]|&4|0] 2] 0 511 5] 3 4 S)s1|s|3|s|2(1]|5|5)|4|2|1[3|5]|0|5]3|4]|4 5
3.05 How has geotechnical data visualization contributed to the implementation of hazard mitigation measures?
AK|AL|AZ|CA|CO|CT|DE|GA|HI[IA[ID[IL|IN|KS|LA|MA|MD|ME|MI|MH | MO [MT|HNC|HD|NE|NH|NJ [NV |NY|[OH|OR|[PA[PR|RI|SD|TH|TX|UT | VT |WI WV |WY | Count
Improved Public Safety AR X AEEBEEE X XXX X[ X[ x[x AR AEEEEREE x| X XX 31
Improved Traffic Mobility XX X X X X X X XX XXX X 14
% Improved Worker Safety Xl x| X X X X XXX KX | X X X XX 16
£ [Better Analysis K[ x| x]x AEREBEEE X X AR K| x| xx X x[x X X A 27
© |Faster Construction X X X X X X X X 2
Other X X X 3
Count| 0 | 2| S| 5|3 |01 1 |2|2|4(2|2]|]0]|2] 0 5|14 2] 3 413|153 (4af2|of|2[3[3[1[1]|1]4]0]|3])2]|2|3 4
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4 01 What geotechnical data would you find most useful in responding to disasters or extreme events?

AK|AL[AZ|CA|CO|CT|DE|GA|HI|IA|ID|IL|IN|KS[LA|MA|MD|ME|MI|MH|MO|MT|NC|ND|NE|NH|NJ|NV|NY|OH|OR[PA|PR|RI|SD|TN|TX|UT|VT|[WI|WWV|WY|Count
Geologic Maps M K| X[ XXX XXX XXX Xl X[ XXX L I I (R B I B P L X X X 32
Boring ! Well Logs EO I O I G I O I A O O I O B O 4 P [ [ R N G A A I B I I I O I O I 4 b4 XK X Xl K| K 35
Laboratory Test Results XX XXX XX X K| XX X KIX|X| XX XX X X Xl X | X 24
Groundwater Data KX X[ XXX XX XX X L [ O I [ I G I S I S I A 4 I I I 4 [ O I XX L4 L4 Xl K| K 33
Subsurface Profiles KX X[ XX X XX MM K| K| X XXX KIX|X|X[X| X XXX X XX X Xl X | X 32
Geotechnical Reports XIX|I X[ XX KIX[X[X[X[X[X] X[ X XX O [ I O I P O B I XX K| K| X X X x| X 35
Instrument Monitoring Re L M X X XK * KKK X I XXX X)X XXX XX X X X K| X 28
£ |Corridor Maps | Air Photo KIX| X[ XX X X XX X[ XXX X X X| X X | X X X X 22
2 Design Drawings X X X X X X X[ X XX | XXX X XX X X[ X X X X 22
As-Built Drawings KX | x| X K| XXX MM K| K| X KR X K| KX MM X[ XK XXX X M| K| X K| X 33
Construction Logs X X X XX XX | X] X XX XX X X X X X 18
Maintenance Logs XX XX X X XX | X XX XX X KX X X X 19
Extreme Event Reports XX X | X X X X | X XKIX|X|X[X]|X]| X XXX X X 20
Pre-Event Photos XX XX X X X XX P T (O R O O [ A . I O [ P I o (O 4 XX L 28
Data From Similar Sites X X X XX XX X X XX X X 13
Other X X X 3
Count*| 0O |[10]15) & [12]|14) 4145 |15| 8|3 |6 |48 |14|16| 5 |68 8 [& [15[15)M |15 815|184 |16|8|8|a8|5)0f1s|2]|8[8&][15
* Count = 0 may imply no response to this question
402 What geotechnical data do you have on-line access to in the field when responding to disasters or extreme events?
AK|AL |AZ|CA|CO|CT|DE|[GA|HI|IA[ID|IL|IN|KS|LA|MA|MD|ME|MI|MN|MO|MT|NC|ND|HE|NH|NJ|[HWV|NY|[OH|OR|PA|PR|RI|SD|TN|TK|UT|VT[WI|WWV|WY|Count
Geologic Maps X X| X X X | X X X X XX X 12
Boring / Well Logs XK X X X XX b4 b4 L4 X L4 X X 14
Laboratory Test Results X X X XX X X X X X 10
Groundwater Data X X XX b4 L4 X T
Subsurface Profiles X X X X 4
Geotechnical Reports XX X X | XX X X X X X 11
Instrument Monitoring Re X X X X X X [
£ |Corridor Maps ! Air Photo M| X M| X X X X 7
2 Design Drawings X X X X X 5
As-Built Drawings X X X X X 5
Construction Logs 0
Maintenance Logs X 1
Extreme Event Reports X 1
Pre-Event Photos X M| X X X 5
Data From Similar Sites X 1
Other X X X X X 5
Count*| 0 |1 ]| 5] 4]1 ol41jojojojop1folvfo ojo)7f[o0 |l e s jojop1f4frf72|s(oj4fof7(oj2]s|0o]o0 9

* Count = 0 may imply no response to this question
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AK|AL|AZ(CA|CO|CT|DE[GA|HI|IA|ID|IL [ IN |KS| LA | MA | MD | ME| M MN) MO [ MT |NC|HND|HE|NH | NJ [NV |NY |OH|OR|PA[PR|RI | SD|TH [ TX|UT | VT [WI | WV [ WY | Count
Damage Assessment XXX XXX X X X KIX[X]|X] XXX XX X NI X|X| X | X 24
Safety Analysis KX X[ X X XX X X X X X X| X X X X X M| M| x| K| X 23
Communication and Coor X X X X X XX X X XX X 12
Public Safety XXX X X X X X X MM X| X X X X XXX 15
E Traffic Control and Routin XK X XX X X X 9
Temporary Repair Design XXX | X X X X X X[ XX XX | X MK X XXX XX X X XX | X 28
Temporary Repair Implen XX | X XXX X XX X XXX XX X XX X X X 21
Worker Safety XXX X X X X MoK | X X K| X X X X X 17
Other X X pd
Count!| 0 |2 || 7|71 ]|a]l1]|3ls|ls|ol4fofz]2]af[1|e]lo|ls|«|a|a]a|l7|a|a]lz]alz]al1|o]l1|a|lo]ls]z]s]4]s
* Count = 0 may imply no response to this question
5.01 What geotechnical data do you find most useful in long-term recovery from disasters or extreme events?
AK|AL |AZ|CA|CO|CT|DE|[GA|HI|IA[ID|IL|IN |KS|LA|MA|MD|ME|MI|MN|MO|MT|NC|ND|HNE|NH|NJ[HNV|NY[OH|OR|PA|PR|RI[SD|TN|TK|[UT|VT [WI|WWV|WY|Count
Geologic Maps X[ X X KX | XX XX XXX XX X 16
Boring / Well Logs XXX FLO I O O (O I B I A 4 XXX XXX X[X X XXX X K| x| X 28
Laboratory Test Results x| X MM XXX XXX Mo X X X X X X | X XXX 22
Groundwater Data XXX M X[ XXX X K| XX X XXX X X | X X XX X 23
Subsurface Profiles XX XX L4 XK X XX XXX XXX X X X R I 22
Geotechnical Reports K| K| K| X MIK[X[X[X[X[X] X[ X[ X[X]X Mol M| KR X] X XX XX X KIX| X | X 31
Corridor Maps ! Air Photo XX X[ X X X X X Xl X[ X XX X X 15
E Design Drawings X X MoK KX X X XX X X XX X 15
As-Built Drawings X|X| X Mo KX XX K[ X | XXX X X MK XXX X X XX 26
Construction Logs X X XXX KX | X XX X X 13
Maintenance Logs X[ X X X X XX | X X X X X X X 14
Extreme Event Reports XX X X X XX X KX XXX X X 15
Pre-Event Photos Mo X X X XX KX XX X X X 13
Data From Other Sites X X X X 4
Other X X ; 3
Count*| 0 | S |12 S | &[0 |5 |1 |5|14]8 |5 |7 |S5[&| &8 [15]& | 7|0 3| |&s |18 |[s| 40|01 | 7|48 3[6[0)0]&]|10] 5 4

* Count = 0 may imply no response to this gquestion
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5.02 How do you use geotechnical data for long-term recovery from disasters or extreme events?

AK|AL|AZ|CA|CO|CT|DE|GA|HI[IA[ID[IL [IN|KS| LA |[MA|[MD|ME| M) MH MO | BT |NC[ND[NE|NH|NJ [NV |NY |OH|OR|PA|[PR|RI | SD [ TN | TX|UT [ VT | WI| WV | WY | Count
Assessment XXX XX X b4 L4 XX KKK RO A O I X K| R K| X 24
Planning X K| X XXX X X X XX X | X X X NIX|[X X XXl X | X 24
% [Analysis XX XX KlX[E| XX X L4 ELO I I O O A O KX X[K|X X MK XX 28
n—g; Design M| K| K| X MM K| X[ XX X XXX Mop M| M| K| XM XXX XXX XXX X MK K| X 35
Construction XXX XX M K| K| X X XX MM | X[ XX XXX X MK K| X 25
Other *x X ped
Count*| 0 | &) 5|5 |4 0|01 ]|2]|5)5]3|3[2]|5] 2 (15| 0] 3 S|3j3|s5|4]s5]2|2]|5[&]|5]|5|&|1]|5[0|1]S5[5]5 5
* Count = 0 may imply no response to this question
5.03 In what way has geotechnical data visualization contributed to long-term recovery from disasters or extreme events?
AK|AL |AZ|CA|CO|CT|DE|[GA|HI[IA[ID[IL [IN[KS|LA|[NA|MD|ME[MI|[MN|{MO[MT|NC|ND|NE[NH|NJ|NV|NY|OH|OR|PA|PR|RI|[SD|TN|TX|UT|VT|[WI|WWV|WY|Count
Quicker Recovery | x| X MK X X M| X XXX X X X X X XXX X ]| X 22
Improved Public Safety | X | X X X XXX X X X XX XXX X X X X X XX 24
Improved Traffic Mobility XX X X X X X X X X 10
E Improved Worker Safety L X X X X X XXX X X XX 15
More Economic Design an XX XX XXX X X X X X X XX Xl X[ XX X| X XX XX X 25
Improved Public | Stakehd XX | X X X XX X X X 10
Other L4 4 2
Count*| 0| 2|7 glojz2fr)z2]3|zfz2|2|oj4|o]s|1|a|lo|l4fa)s)r)alaf2z)a|r]3j2]o]1]|1|1|e|of4f2]4]5]2

* Count = 0 may imply no response to this guestion
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6.01 How often does your organization use tools to visualize geotechnical data for disaster or extreme event response and mitigation?

AK|AL|AZ|[CA|CO|CT|DE|[GA[HI[JA[ID[IL [IN]|KS|LA|MA|MD|ME[MI|[MH|[MO[MT[HC|ND|[HE|NH|NJ [NV |NY|[OH|OR|[PA|PR|RI|SD|TN|TX|UT|VT|WI|WWV|WY|Count
Frequently XX X X X X X X X X X 11
E Occasionally X X b4 X X[ X[ X XXX X X XX X 15
§_ Rarely K| X KoK XX X X X X XX 12
2 |Don't Use X 1
= Don't Know X 1
Count*| O [ 1|1 |1 [ 1 [ 1|1t 11111t f1{1 11ttty a1yt foj1f{1yp1p1f1
* Count = 0 may imply no response to this guestion
6.02 How would you characterize your arganization's level of use of geotechnical data visualization tools?
AK|AL|AZ|CA|CO|CT[DE[GA|HI[IA[ID[IL [IN|KS| LA [MA[RMD|ME|MI|MH|[MO|MT|NC[ND[NE|NH|NJ [NV |NY|OH|OR|PA|PR|RI| SD|TN | TX|UT [VT |WI|WVW | WY | Count
Expert Level X X X X 4
E Intermediate Level X X X X X MoK MK X XK X X 14
5 |Entry Level X X MoK Xl XXX X b4 X X X XX XXX X KX 21
Don't Use X 1
Count*| O [ 1 |1 |1 [ 1 [ 1|11 111111 f{1 )11ttt ]ttt faf1{1rf{1{1f1f{1f1f1{1f{oj1f{1]1]1]1

* Count = 0 may imply no response to this guestion
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6.03 Geotechnical data visualization improves our ability to mitigate hazards. Indicate your level of agreement.

Ak[aL[AZ[cAa[co[cT]oE[GA]HI[IATID[IL]N]KS[LATMATMD[ME[MI]MN] MO [MT [NC[ND[NE[NH] NIV ]y [OH]OR] PA] PR RISD[TH]TXUT VT [wi]wv]wY ] Count
Agree XXX X XX X KX XX XX XXX X b4 X 20
— |Generally Agree X XX XX X[ X X X| X XXX XX X 16
E Generally Disagree X X 2
- [Disagree 0
No Opinion X X 2
Count*| 0 [ 1] 1] 1 T (1111111 1p1]1 1 1 1 (1] 1 1 1 T 1111111ttty p1rpae]p1yp1]p1]1 1
* Count = 0 may imphy no response to this guestion
6.04 Geotechnical data visualization improves our ability to respond to disasters or extreme events. Indicate your level of agreement.
ak[aL[az[caco[cT[pE[GAHITIATID]IL [N [KS[LA[MA[MD]ME[mi]Mu MmO [MT[NC[ND[NE[NH]HI [NV [nY[OH[OR[PA PR RI] SD[TN]TX[UT VT [wi]wv vy [Count
Agree AR AR X K k[ x]x x| x AR X X [ X X 23
— |Generally Agree X X X Xl X X X X XXX XX X 14
E Generally Disagree X 1
- [Disagree 0
No Opinion X X 2
Count| 0 [t [t [t [ttt [a[aaa e[t [aa e[t Je [t [t 1 ]
* Count = 0 may imply no response to this guestion
6.05 Geotechnical data visualization improves our ahility to achieve long-term recovery from disasters or extreme events. Indicate your level of agreement.
AK|AL|AZ|CA|CO|CT|DE|GA|HI[IA[ID[IL]IN|KS|[LA|MA|MD|ME| M MN (MO [MT|NC|HND|HE|NH[NJ|HV|NY [OH|OR|[PA|PR|RI [ 5D | TN | TX |[UT | VT [ WI | WV [ WY | Count
Agree L A Ll I I LS A I 4 x| K M| X X * X X XX 21
— |Generally Agree X XX XX XXX X X XXX X X 15
E Generally Disagree X 1
- Disagree 0
No Opinion X X 2

Count*

Ol (111

* Count = 0 may imply no response to this guestion
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APPENDIX C
Survey Response Commentary

Approximately 80% of the state geotechnical leaders and
others who received the study questionnaire responded. Their
responses and commentary are presented here.

SECTION 1. HAZARDS, DISASTERS,
AND EXTREME EVENTS

1.01 What natural phenomena hazards do you encounter?

The natural phenomena hazards encountered in each state
depend, of course, on the state’s geological and meteorological
setting. Although earthquakes are a common geological haz-
ard in about 50% of the states, meteorological impacts domi-
nate the natural hazards. Nearly 90% of all natural hazards
identified are weather-related. The typical transportation sys-
tem geotechnical leader encounters four to six different natural
phenomena hazards (Figure C1).

1.02  What geotechnical hazards do you encounter?

The geotechnical hazards identified by the geotechnical
leaders generally reflect the geological and meteorological
setting of their regions. However, four of the five most fre-
quently identified geotechnical hazards are related to slope or
embankment stability; the fifth is settlement or heave. This
implies that geotechnical issues with natural or cut slopes
and embankments or fills are nearly universal across all
geological and meteorological regions. The most frequently
mentioned “Other” item was bridge and roadway scour. The
DOTs in each state typically encounter six to seven different
types of geotechnical hazards (Figure C2).

1.03  What geotechnical disasters have you had to respond to?

Questions 1.02 and 1.03 each have 574 possible responses
(41 respondents times 14 hazard types). Of these 574, 301 haz-
ards were identified and, according to respondents, approxi-
mately 85% of the disasters had occurred. This implies that
in 15% of the cases, the DOTSs have identified the hazard,
but have either mitigated the potential hazard or have not yet
experienced the disaster of that type (Figure C3).

1.04  Which hazard, disaster, or extreme event types do you
most frequently encounter?

The most frequently encountered hazards, disasters, and
extreme events reported by the DOTs are generally consis-
tent with the hazards and disasters most frequently identified
in questions 1.02 and 1.03. More than half of the respondents
reported that landslides were their most frequently encountered
hazard or disaster. About one-third of the respondents reported
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embankment failures and rockfalls as being most frequent.
On average, the DOTs identified one to two hazard or disaster
types as being the most frequently encountered (Figure C4a).

1.05 Which hazard, disaster, or extreme event types are
most detrimental to your organization’s finances and
reputation?

The hazards, disasters and extreme events most fre-
quently reported as detrimental to the organization’s finances
and reputation are landslides and sinkholes. However, one
respondent noted that, “Failures of constructed embank-
ments are very expensive to correct and because they were
engineered structures it reflects very poorly on the department
when they fail.” On average, the DOTs identified one or two
hazard or disaster types as being the most detrimental to the
organization’s finances and reputation (Figure C4b).

SECTION 2. GEOTECHNICAL DATA MANAGEMENT

2.01 What geotechnical data does your organization keep
on paper file?

The most common geotechnical data kept as paper files
include logs, reports, maps, drawings, and other typical
information that might be obtained from a hazard mitigation
or disaster recovery project. Some information that might be
useful in disaster response, such as extreme event reports or
pre-event photographs, appears to be less commonly kept on
file. On average, the DOTSs keep about seven different types
of geotechnical data in paper format (Figure C5).

2.02 What geotechnical data does your organization keep
in electronic format suitable for visualization?

The distribution of geotechnical data kept in electronic
form suitable for visualization generally echoes the distribu-
tion of data kept in paper form. Among the 369 data items
identified in questions 2.01 and 2.02, approximately 28% are
kept as paper only, 27% are kept in electronic form only, and
45% are kept in both formats. On average, the DOTs keep
about seven different types of geotechnical data in an elec-
tronic format (Figure C6).

2.03  Does your organization have a centralized electronic
database for any or all of the geotechnical data listed
in Question 2.02?

Among the 37 respondents to this question, approxi-
mately 57% have some form of centralized database for
geotechnical data.

Copyright National Academy of Sciences. All rights reserved.
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FIGURE C1 Natural phenomena hazards encountered. FIGURE C4a Hazards most frequently encountered.
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FIGURE C4b Hazards most detrimental to organization.
FIGURE C2 Geotechnical hazards encountered.
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FIGURE C5 Geotechnical data in paper files.
FIGURE C3 Geotechnical hazards responded to.
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FIGURE C6 Geotechnical data in electronic files.

2.04  Ifyes to question 2.03, how long is the data retained?

With the exception of one respondent who stated that its
geotechnical data would be kept for 50 years, the DOTs that
have a centralized database for geotechnical data plan to
keep the data on file permanently.

2.05 Ifyes to question 2.03, what database do you use?

Approximately 59% of DOTSs that used a centralized data-
base for geotechnical data have developed their own data-
base. Among the other 41% using a commercial database,
most are using some type of boring log and fence diagram
software and several DOTs are using the commercial data-
base engines for their geotechnical data.

2.06 Do you use a formal geotechnical data exchange
format?

Only one state DOT responded that it is currently using a
formal geotechnical data interchange format. The one respon-
dent is following the Data Interchange for Geotechnical and
Geo-Environmental Specialists (DIGGS) standard. Informa-
tion found elsewhere indicates that several states are in the
process of adopting a formal geotechnical data interchange
format.

2.07 What geotechnical instrumentation does your orga-
nization use?

The geotechnical instrument types most commonly used
by the DOTs (more than 70% of respondents) include incli-
nometers, piezometers, settlement gages, and open stand
pipe wells. The distribution of instruments is consistent with
the most frequently encountered geotechnical hazards of
landslides, rockfalls, embankment failures, and settlement
issues. On average, each DOT is using five to six different
instrument types (Figure C7).

69

100%

B0%

60%

40%

Percent of Respondents

20%

& ¢ o o ‘@&“‘5 & & 5
f ,‘9@ a,(‘* Q\é’ \'.'P f *0: O'P & &cfs\ 5 \0,("‘
F g¥ & 2V W & &S &£ q
i g I L &
o & $
e ;f b
ot & \'
i’
4\0'“
FIGURE C7 Geotechnical instruments used.
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FIGURE C8 Geotechnical instrument project types.

2.08 On what types of projects do you use geotechnical
instrumentation?

Among the DOTs that responded to this question, 95% use
geotechnical instrumentation to monitor new construction, 81%
to monitor hazards and 76% to monitor constructed facilities
long-term. About 62% of the DOTSs use instrumentation to mon-
itor foundations and subgrade, 62% use instrumentation on their
bridges, and 24% use pavement instrumentation (Figure C8).

2.09 How is the decision to use geotechnical instrumenta-
tion made?

Ninety-five percent (95%) of the respondents indicate that
expert opinion and engineering judgment is used in deciding
when and where to use geotechnical instrumentation. How-
ever, 62% use that approach as their sole method of selection.
The others use that method in combination with some risk
analysis method or are required by department policy to use
instrumentation (Figure C9).

2.10  How do you collect geotechnical instrumentation data?

Although nearly all of the DOTs (92%) use manual meth-
ods to collect their geotechnical instrumentation data, fewer
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FIGURE C10 Geotechnical instrument data collection.

than 10% use that approach as their sole data collection
method. The use of manual reading methods may imply that
these data are not accessible for visualization or must be man-
ually keyed in to some system to be available (Figure C10).

2.11 How do you establish hazard mitigation warning
and action levels for geotechnical instrumentation
data?

As with selection of geotechnical instrumentation, most
DOTs (89%) use expert opinion and engineering judg-
ment to set hazard mitigation warning and action levels
for geotechnical instrumentation. About 38% use this
approach as their sole method of setting warning and action
levels. The others use this approach in combination with
some level of analysis and testing. One respondent noted
that the agency doesn’t establish warnings or action levels
“due to agency being very averse to potential false alarms”
(Figure C11).
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FIGURE C11 Setting mitigation warning and action levels.

2.12  How do you store and process geotechnical instru-
mentation data?

Approximately 95% of the responding DOTs indicated
that they used a spreadsheet application to manage their geo-
technical instrumentation data. Thirty-five percent (35%) use
this approach as their sole data management method. The others
use this approach in combination with vendor, department,
and web-based data management systems. The use of spread-
sheets to manage geotechnical instrumentation data may be
convenient and effective on a short-term, project-specific
basis, but will likely not be effective for wider, long-term uses
(Figure C12).

2.13  What remote sensing data does your organization use
for geotechnical mapping and monitoring?

The most common remote sensing data types reported by
the DOTs are views of surface features and topography (e.g.,
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FIGURE C12 Instrument data storage and processing.
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FIGURE C13 Remote sensing data used.

air photos, LiDAR, topographic maps, and satellite images).
Remotely sensed subsurface data such as SAR and inSAR
is used by only about 27% of the respondents (Figure C13).

2.14 Where do you obtain remote sensing data for geotech-
nical mapping and monitoring?

Among the DOTs using remote sensing data for geotechni-
cal mapping and monitoring, the majority are using data from
public agencies (e.g., U.S. Geological Survey, U.S. Department
of Agriculture) and free or inexpensive commercial sources
(Figure C14).

2.15 What geotechnical data visualization (GDV) software
does your organization use?

The majority of the DOTs use GDV software for bor-
ing logs and laboratory data presentation. The heavy use of
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FIGURE C14 Remote sensing data sources.
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FIGURE C15 Geotechnical data visualization software used.

spreadsheet software is likely for general purpose x-y plot-
ting. About 40% of the respondents use more complex soft-
ware such as geographical information systems (GIS) and
instrumentation software. Relatively few (about 20%) are
using software for image analysis (Figure C15).

The boring log and fence diagram programs in use are also
used by some DOTs for laboratory data visualization. Spread-
sheet software is used extensively for collecting, processing,
and storing geotechnical data. Other commonly noted software
packages included limit equilibrium slope stability software
and inclinometer data reduction and presentation software.

2.16  Who in your organization uses GDV software?
The predominant users of GDV software in the DOTs are

geotechnical engineers (89% of respondents) and geologists
(68%). About 20% of the respondents indicate that other
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FIGURE C16 Geotechnical data visualization software users.
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office staff (e.g., planners, managers) use this software, but
fewer than 5% of the respondents indicate that field person-
nel (e.g., maintenance, construction, emergency responders)
use the software. This distribution of users likely indicates
that visualization of geotechnical data is not regularly used
during disaster response (Figure C16).

SECTION 3. HAZARD MITIGATION
TO AVERT DISASTER

3.01 What types of geotechnical hazards have you been
able to mitigate impacts through data collection and
visualization?

As one might expect, the geotechnical hazards most
frequently mitigated successfully echo the distribution of
geotechnical hazards encountered (see question 1.02). The
geotechnical hazards that are less frequently mitigated suc-
cessfully in general appear to be those that may be less
predictable (e.g., seismic hazards, avalanches) or less com-
monly encountered (e.g., wind-blown soil, frozen ground).
The most common “Other” hazard that was averted through
mitigation was bridge and roadway scour (Figure C17).

3.02 What types of geotechnical hazards have you been
unable to successfully mitigate?

Nearly half of the respondents (46%) did not identify any
unsuccessful hazard mitigation efforts. However, among
those who did identify unsuccessful efforts, the most common
types were sinkholes and unstable embankments or slopes
(Figure C18).

3.03 In what phase of developing hazard mitigation mea-
sures do you use GDV?

About two-thirds of the respondents use GDV in one or
more phases of developing hazard mitigation measures. The
use of these tools is greatest in assessing the hazard and least
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FIGURE C17 Successfully mitigated geotechnical hazards.
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FIGURE C18 Unsuccessfully mitigated geotechnical hazards.

100%

B0%

60%

40%

20%

Percent of Respondents

0%

% & 5
\@ & ﬁ‘“‘ ‘@f & ﬁﬁ &
b@

@?b Q’é‘ (5‘} d" ﬁ "‘@

FIGURE C19 Data visualization in hazard mitigation.

in planning hazard mitigation, but the sample size is likely
too small to distinguish differences in use by development
phase. The DOTs use GDV on average in about five of the
seven hazard mitigation development phases (Figure C19).

3.04 How has GDV contributed to the development of
hazard mitigation measures?

About two-thirds of the respondents have identified one or
more areas in which GDV contributed to the development of
hazard mitigation measures, but the sample size is likely too
small to distinguish differences in contributions. On average,
the DOTs report that GDV contributes in three to four areas
(Figure C20).

3.05 How has GDV contributed to the implementation of
hazard mitigation measures?

Approximately 80% of the respondents report that GDV
enabled them to implement hazard mitigation measures that
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FIGURE C20 Data visualization’s contribution to hazard
mitigation development.
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FIGURE C21 Data visualization’s contribution to hazard
mitigation implementation.

improved public safety. About 40% believed that visual-
ization improved worker safety and traffic mobility during
implementation. Only 20% believed that visualization con-
tributed to faster implementation. One respondent reported
that visualization resulted in a more economical implemen-
tation (Figure C21).

SECTION 4. RESPONDING TO DISASTERS
AND EXTREME EVENTS

4.01 What geotechnical data would you find most useful in
responding to disasters or extreme events?

The geotechnical data that the respondents would find
most useful in responding to disasters include a comprehen-
sive list of topographic maps and subsurface soil, rock, and
groundwater data (Figure C22). Although about 70% of the
respondents indicated that pre-event photographs would be
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FIGURE C22 Useful geotechnical data for disaster response.

useful, fewer than 20% indicated that these photographs are
kept in their electronic files (see question 2.02).

4.02  What geotechnical data do you have on line visual access
to in the field when responding to disasters or extreme
events?

Approximately 60% of the respondents have on line,
visual access in the field to one or more of the geotechni-
cal data elements when responding to disasters. However,
only about one-third of them have the data they need. For
example, nearly 90% would find visual access to boring log
data useful in the field, but only about 30% have that access
(Figure C23).

4.03  Does GDV play a role in any of these aspects of your
response to disasters or extreme events?

The respondents indicate that the most common role of
GDV in disaster response is in the immediate assessment and
design of damage repair measures and safety analysis. The
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FIGURE C23 Available geotechnical data for disaster response.
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FIGURE C24 Role of geotechnical data in disaster response.

impact of GDV is less on repair implementation and public
or worker safety, but, for many DOTSs, is clearly important
for these purposes (Figure C24).

SECTION 5. LONG-TERM RECOVERY FROM
DISASTERS AND EXTREME EVENTS

5.01 What geotechnical data do you find most useful in
long-term recovery from disasters or extreme events?

The geotechnical data identified as being most useful for
long-term recovery from disasters is generally similar to the
data identified as being most useful for disaster response (see
Question 4.01). The percentage of respondents identifying a
particular data item (e.g., geotechnical reports) is less for this
question that for Question 4.01, which is perhaps an indica-
tor of the lesser urgency associated with long-term disaster
recovery than with disaster response (Figure C25).
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FIGURE C25 Useful geotechnical data for disaster recovery.
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FIGURE C26 Role of geotechnical data in long-term disaster
recovery.

5.02 How do you use GDV for long-term recovery from
disasters or extreme events?

The DOT geotechnical leaders report that they use GDV
most frequently in the design (87%) and analysis (71%) of
recovery measures (Figure C26). The responses to this ques-
tion are generally consistent with responses to a similar ques-
tion regarding the use of GDV in assessing and implementing
geotechnical hazard mitigation measures (see Question 3.03).

5.03 Inwhat way has GDV contributed to long-term recov-
ery from disasters or extreme events?

The top three areas in which visualization of geotechni-

cal data contributes to long-term recovery from geotechnical
disasters or extreme events are more economical design and
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FIGURE C27 Contribution of geotechnical data visualization to
long-term disaster recovery.
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FIGURE C28 Use of geotechnical data visualization tools for disaster or extreme

event response.

implementation, improved public safety, and quicker recov-
ery. At least 60% of the DOT geotechnical leaders reported
that visualization of geotechnical data made a contribution in
these three areas (Figure C27).

SECTION 6. EVALUATION AND OPINION

6.01 How often does your organization use tools to visu-
alize geotechnical data for disaster or extreme event
response and mitigation?

About 29% of the DOT geotechnical leaders are frequent
users of GDV tools for disaster or extreme event response,
37% are occasional users, and 31% rarely or never use these
tools (Figure C28). The relatively low level of usage is likely
areflection of the challenge of rapidly retrieving and visualiz-
ing appropriate geotechnical data in an environment in which
speed is essential but the data and tools are not designed for
rapid response.

Don't Use, 2%

~

6.02 How would you characterize your organization’s
level of use of GDV tools?

Approximately half of the DOT geotechnical leaders
characterize their organization’s use of GDV tools as expert
or intermediate level (Figure C29). The current survey did
not explore the reasons why some state DOTs are less sophis-
ticated users of visualizations tool than others. However,
potential factors may be funding constraints, reliance on
consultants to provide this service, or the relatively slower
pace at which those agencies are able to adopt emerging
technologies.

6.03 GDV improves our ability to mitigate hazards. (agree/
disagree)

About 90% of the DOT geotechnical leaders agree or
generally agree that GDV can or does improve their ability
to mitigate geotechnical hazards (Figure C30). The 5% who
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Intermediate
Level, 34%

FIGURE C29 Level of use of geotechnical data visualization.
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FIGURE C30 Geotechnical data visualization improves hazard mitigation.

generally disagreed with this statement did not offer reasons
why they disagreed. However, it is reasonable to speculate
that those who generally disagree may consider visualization
less critical than other aspects of designing and implement-
ing geotechnical hazard mitigation measures.

6.04 GDV improves our ability to respond to disasters or
extreme events. (agree/disagree)

The response to this statement is similar to the response
to the previous question, with approximately 90% of the
DOT geotechnical leaders agreeing or generally agree-
ing with the statement that GDV improves their ability to
respond to disasters or extreme events; the difference is that
a greater percent more strongly agreed with this statement
(Figure C31). Considering that relatively few of the DOTs
have visual access to geotechnical data during disaster
response (see Question 4.02), it can be assumed that this

Generally
Disagree, 2%

Generally Agree,
34%

No Opinion, 5%

response indicates that the geotechnical leaders recognize
that improved methods of rapidly retrieving and visualizing
geotechnical data would improve their response to geotech-
nical disasters and extreme events.

6.05 GDV improves our ability to achieve long-term recov-
ery from disasters or extreme events. (agree/disagree)

About 93% of the DOT geotechnical leaders agree or
generally agree that GDV can or does improve their ability
to achieve long-term recovery from geotechnical disasters or
extreme events (Figure C32). This response is consistent with
their response to the statement that GDV improves their ability
to mitigate hazards (see 6.02). It seems reasonable to assume
that this similarity may be the result of the DOTSs’ ability to
more completely access and visualize geotechnical data dur-
ing hazard mitigation and long-term recovery activities than is
possible during disaster response.

Agree, 59%

FIGURE C31 Geotechnical data visualization improves disaster response.
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FIGURE C32 Geotechnical data visualization improves disaster recovery.
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APPENDIX D
Software Lists

The software titles listed in this appendix are provided for
information only. Inclusion on these lists does not imply an
endorsement by the National Academy of Sciences or the
Transportation Research Board.

Spreadsheet Software

Program Source
Ability Commercial
Abykus Freeware
Accel Commercial
Accel Freeware
Apple Commercial
Bean Commercial
EasyOffice Commercial
EditGrid Commercial
Framework Commercial
GNU Commercial
Gnumeric Commercial
Google Commercial
GS-Calc Commercial
Kingsoft Freeware
LibreOffice Freeware
Lotus Commercial
Mariner Commercial
MarinerPak Commercial
Microsoft Commercial
mtcelledit Commercial
NeoOffice Commercial
OpenOffice Commercial
PlanMaker Commercial
Quattro Commercial
Sheetster Freeware
Siag Freeware
Simple Spreadsheet Commercial
Smartsheet Commercial
Spread32 Freeware
StarOffice Commercial
Tables Commercial
ThinkFree Freeware
wikiCalc Commercial
Xoom Commercial

More information about these software titles can be found
by searching the internet by software title and by accessing
the Geotechnical & Geoenvironmental Software Directory
at www.ggsd.com/.

Boring Log Generators

Program Source
AppleCORE Commercial
BLogPro Commercial
BOHR Freeware
Boring Log Database Commercial
Boring Log Design File Builder Commercial
BorinGS Commercial
Coreview Commercial
DBSOND Commercial
DCBORE Commercial
Downhole Explorer Commercial
Drill&Log Commercial
DrillKing Commercial
EasyLog Commercial
GAP for CADD Commercial
GEO Software Suite Commercial
GEODASY Web Commercial
GEOLOG Commercial
GeoSmart 11 Commercial
GGU-BORELOG Commercial
GGU-STRATIG Commercial
gINT Logs Commercial
LD4 - Boring Log Drafting Commercial
LithologyColumn Commercial
Logman 8.0 Commercial
LogPlot Commercial
LogPlot (PAZ) Commercial
MacLOGGER Commercial
Power*Suite Commercial
Prolog Commercial
QuickLog Commercial
SequenceStratColumn Commercial
Soil Project Commercial
StratColumn Commercial
Strater Commercial
SuLog Commercial
SuperLog Commercial
TSPP Shareware
Well Logger Shareware
Well CAD Commercial
WellPlot Commercial
WinLog Pro Commercial
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Fence Diagram Generators

Program Source

QuickGIS Commercial
Spatial Explorer Commercial
ViewLog Commercial
ERMA Site Geologist Commercial
WinFence Commercial
QuickCross Commercial
MacSection IT Commercial
Rockworks Commercial
RockWareGIS Commercial
Logman 8.0 Commercial
gINT Logs Commercial

Laboratory Software

Program Source Program Source
Atterberg Limits Commercial Gradlab Gds Commercial
Atterberg Limits (Quest-Tech) Commercial Grain Size Distribution Commercial
Bulk Density Commercial GSD Freeware
California Bearing Ratio Commercial HELPA Soil Laboratory Software Commercial
CBR (Quest-Tech) Commercial Hydrometer Analysis Commercial
Cc Commercial KeyLAB Commercial
CIRCLE Freeware Lab Bundle Commercial
Consolidation Commercial Lab Test.xIt Freeware
Consolidation (Geosystem) Commercial LABsys Commercial
ConsolPlot Commercial MohrView Commercial
Cris Shareware Moisture Density / Compaction Commercial
DCCONS Commercial Moisture Density Test Commercial
DCGLOW Commercial OEDOMINT Freeware
DCLIME Commercial One Point Shareware
DCPRESS Commercial Perma Commercial
DCPROC Commercial Permeability Test Commercial
DCSHEAR Commercial PHASE Freeware
DCSIEVE Commercial Proctor Density Report System Commercial
Direct Shear Commercial QESTLab Commercial
DS7 Geotechnical Software Commercial Resistance R-Value Commercial
EarthFX Data Centre Commercial R-Value Commercial
Extended Laboratory System Commercial Shear Test Commercial
GDSLAB Commercial Sieve Analysis Commercial
GDSLAB REPORTS Commercial Sieve Analysis Report System Commercial
Geo Analysis templates Commercial SieveGraph Commercial
GEOCAL Commercial Soil Classification Commercial
GeoSmart II Lab Tool Commercial Soilab99 Freeware
GGU-ATTERBERG Commercial SoilClass Commercial
GGU-COMPACT Commercial SoilSeriesPro v.2 Commercial
GGU-DENSITY Commercial SP5 Commercial
GGU-DIRECTSHEAR Commercial Swell Consolidation Commercial
GGU-ENSLIN Commercial Texture AutoLookup Freeware
GGU-LABPERM Commercial TextureMacro Freeware
GGU-LIME Commercial TRIAX Commercial
GGU-LOI Commercial Triaxial Shear Commercial
GGU-OEDOM Commercial TRIAXPLT Freeware
GGU-SIEVE Commercial Unconfined Compression Commercial
GGU-TIMESET Commercial UNIPHASE Freeware
GGU-TRIAXIAL Commercial WinCLISP Commercial
GGU-UNIAXIAL Commercial WinSieve Commercial
GGU-WATER Commercial
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Geotechnical Database Software

Program Source

3Gds Commercial
BLDM Commercial
Core-GS Commercial
GDM Commercial
GeoBASE Commercial
GEODASY Commercial
GEO-LOG 3 Commercial
gINT Professional Commercial
GIS-Key Winlogs Commercial
HoleBASE III Commercial
Hydro GeoLogger Commercial
PLog Enterprise Commercial
TECHBASE Commercial

Contouring Software

GIS Software

Program Source

ArcGIS Commercial
Capaware Commercial
Desktop GIS Commercial
FalconView Commercial
GRASS Commercial
gvSIG Commercial
IDRISI Taiga 16.05 Commercial
ILWIS Commercial
JUMP Commercial
Kalypso Commercial
Mapper Commercial
MapWindow Commercial
QGIS Commercial
SAGA Commercial
SAGA-GIS Commercial
TerraView Commercial
uDig Commercial
Whitebox Commercial

Instrumentation Software

Program Source

3D Tracker Commercial
Argus Commercial
DamSmart Commercial
DigiPro for Windows Commercial
Flowworks Commercial
Geo-DMS Commercial
GEOSCOPE Commercial
Geotech Monitory System Commercial
GeoViewer Commercial
GTilt Plus Commercial
Inclinalysis Commercial
INCLI-pro Commercial
I-Site Commercial
MonitoringPoint Commercial
Quickslope Commercial
Vista Data Vision Commercial
WINSID Commercial

Program Source
3DField Shareware
Altipoint Commercial
Axum Commercial
CONTOUR Public domain
CoPlot Commercial
Digital 'X' Model Lite Commercial
GGU-GEO GRAPH Commercial
GGU-TIME GRAPH Commercial
Graphis Shareware
GWN-SURF Commercial
ISOMAP Commercial
MapCalc Commercial
MathPad Freeware
McCon Commercial
QuickSurf Commercial
QuickSurf Pro Commercial
Surface I+ Commercial
Surfer Commercial
Surfit Freeware
SurGe Shareware
Survey Tools Commercial
Trispace Commercial
Z-CON Commercial
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Program Source

ENVI Commercial
ER Mapper Commercial
FullPixelSearch Commercial
JMicroVision Freeware

Measure Commercial
ORION Commercial
Photo Tool Commercial
SigmaScan Pro Commercial
WipFrag Commercial
WipJoint Commercial
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Abbreviations used without definitions in TRB publications:

A4A Airlines for America

AAAE American Association of Airport Executives

AASHO American Association of State Highway Officials

AASHTO American Association of State Highway and Transportation Officials

ACI-NA Airports Council International-North America

ACRP Airport Cooperative Research Program

ADA Americans with Disabilities Act

APTA American Public Transportation Association

ASCE American Society of Civil Engineers

ASME American Society of Mechanical Engineers

ASTM American Society for Testing and Materials

ATA American Trucking Associations

CTAA Community Transportation Association of America

CTBSSP Commercial Truck and Bus Safety Synthesis Program

DHS Department of Homeland Security

DOE Department of Energy

EPA Environmental Protection Agency

FAA Federal Aviation Administration

FHWA Federal Highway Administration

FMCSA Federal Motor Carrier Safety Administration

FRA Federal Railroad Administration

FTA Federal Transit Administration

HMCRP Hazardous Materials Cooperative Research Program

IEEE Institute of Electrical and Electronics Engineers

ISTEA Intermodal Surface Transportation Efficiency Act of 1991

ITE Institute of Transportation Engineers

MAP-21 Moving Ahead for Progress in the 21st Century Act (2012)

NASA National Aeronautics and Space Administration

NASAO National Association of State Aviation Officials

NCFRP National Cooperative Freight Research Program

NCHRP National Cooperative Highway Research Program

NHTSA National Highway Traffic Safety Administration

NTSB National Transportation Safety Board

PHMSA Pipeline and Hazardous Materials Safety Administration

RITA Research and Innovative Technology Administration

SAE Society of Automotive Engineers

SAFETEA-LU Safe, Accountable, Flexible, Efficient Transportation Equity Act:
A Legacy for Users (2005)

TCRP Transit Cooperative Research Program

TEA-21 Transportation Equity Act for the 21st Century (1998)

TRB Transportation Research Board

TSA Transportation Security Administration

U.S.DOT United States Department of Transportation
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