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Tennessee Rockfall Management System

Brett T. Rose

Abstract

The Rockfall Management System developed for Tennessee DOT (TennRMS)
integrates a customized rockfall risk rating system, web-based GIS application, and rockfall
database to provide a robust single interface for interacting with rock slope information. The
system should prove to be a valuable tool for the proactive management of rock slopes. The
most important use of the system will be to identify and prioritizing rock slopes with the
greatest potential for rockfall in order to provide decision makers with all the necessary
information they need to plan remediation efforts. Over time, TennRMS can be used to track
costs and effectiveness of different remediation methods used on problem rock slopes.

Three papers have been developed for publication in peer reviewed journals. The
papers describe the work done in support of developing Tennessee’s Rockfall Management
System (TennRMS) and its components. The system can be described by its conceptual
framework and actual implemented components. Asset management incorporating risk &
decision analysis and knowledge management makes up the conceptual framework. The
system components include a field data collection system using PDA’s, a rockfall database
and a web-based GIS interface. The papers articulate the development and implementation of
the various components and to provide a detailed review of rockfall management systems as

implemented over the past 15 years.
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Introduction
The Tennessee DOT has historically taken a reactive stance in relation to rockfall

hazard rather than attempting a proactive management approach. TDOT has recently
developed a management system for rockfall hazard in order to address issues of public safety,
while at the same time making optimum use of limited resources. Such a management system
requires an initial investment in (a) developing procedures for evaluating hazard & risk, and
(b) building a statewide rockfall hazard database. To accomplish these goals, the Tennessee
DOT funded a comprehensive research project for the development and implementation of a
Rockfall Management System (TennRMS).

TennRMS includes several features that pertain to how data are collected, visualized
and distributed. Traditional paper data forms used to record field data such as traffic counts,
highway geometry, and geologic characteristics of rock cuts, are instead collected using
Personal Digital Assistants (PDA’s). The use of PDA’s for data collection allows automatic
error checking, and direct synchronization of collected information with the database. Field
data is input into the database using interactive electronic forms with dropdown menus,
selection lists, and other controls for consistent and rapid input. Hazard ratings, digital
photographs, GPS coordinates, and other data are downloaded into an Access database and are
then distributed throughout TDOT using a web-based GIS. With full implementation,
Tennessee’s Rockfall Management system should lead to more efficient and economical use
of resources, as well as improved safety.

A customized systematic risk indexing, a web-based GIS application, and a rockfall
database have been integrated into a robust single interface for interacting with rock slope
information. The system should prove to be a valuable tool for the proactive management of
rock slopes. The most important use of the system will be to identify and prioritize rock slopes
with the greatest risk related to rockfall in order to provide decision makers with all the
information they need to plan remediation efforts. Over time, TennRMS will be used to track
the costs and effectiveness of different remediation methods used on problem rock slopes and
serve as a valuable component of TDOT’s asset management framework and contribute to the
development of institutional memory.

The next three sections describe the work done in support of developing Tennessee’s
Rockfall Management System (TennRMS) and its components. The system can be described



by its conceptual framework and actual implemented components. Asset management
incorporating risk & decision analysis and knowledge management makes up the conceptual
framework. The system components include a field data collection system using PDA’s, a
rockfall database and a web-based GIS interface. The first section focuses on how hazard and
risk are defined, assessed and utilized within systematic prioritization of rockfall remediation
projects along highways and how decision analysis can be used within an asset management
framework to economically mitigate risks associated with rockfall events. The pervasive use
of information technology within TennRMS is presented in the second section. The third
section presents the results of field research conducted as part of the rockfall risk inventory
and describes the spatial analysis model used to characterize relationships among rockfall risk,
geology, climate, physiography and road geometry. The final section provides a summary of
the research and development conducted during the implementation of TennRMS and suggests

future research related to proactive management of rockfall risks.



1. Hazard and Risk in Rockfall Management

Abstract
Rockfall hazard management systems are increasingly being implemented by

transportation agencies as a way to reduce risk to the traveling public and exposure of the
agency to civil penalties associated with rockfall events. Such management systems use a
scoring methodology that incorporates both hazard and risk, although without explicitly
differentiating the two. The representation and quantification of hazard and risk, and the use of
hazard and risk in decision models for prioritizing rockfall hazard mitigation, will be
discussed. Tennessee’s Rockfall Management System will be presented as an example of the
application of hazard & risk assessment in a decision framework. A detailed literature review
of rockfall management systems worldwide will be provided, together with a description of

the evolution of the proactive hazard management paradigm for rockfall.

For submission to:
o Canadian Geotechnical Journal



1.1 Introduction
Transportation systems such as highways and rail lines are vulnerable to rockfall

wherever they cut across or skirt along mountains, ridges and similar topographic features
(e.g. Bunce et al., 1997; Brawner and Wyllie, 1976; Hungr et al. 1999). New demands to
develop civil infrastructure across difficult terrain as population centers expand in coming
decades will increase the number of rock cuts along transportation systems (Dai et al., 2002).
Highway systems may experience rockfalls on a daily basis; but these may not be considered
hazardous unless rocks enter the roadway (Chau et al., 2003; Chau et al., 2004). Although, the
public is not generally aware of rockfall unless a particular event results in significant loss of
convenience, property, or life (Budetta, 2004), rockfall remains a thorn in the side of many
transportation agencies, who are responsible for providing and maintaining safe and reliable
routes in an economical fashion. Consistent with similar efforts at the national level in terms
of overall disaster preparedness and risk reduction (Hooke, 2000), many agencies are moving
towards proactive pre-event risk management strategies for mitigating rockfall issues
(Davenport, 2000).

Transportation agencies in states or regions with mountainous terrain have, in the past,
tended to remediate rock slopes only after failure, making it difficult to plan and budget for
remediation expenditures, and resulting in unknown levels of safety for most rock slopes
impacting transportation routes. The approach of remediating slopes only after failure also
leaves transportation agencies unnecessarily exposed to legal action if slope failure results,
directly or indirectly, in damage to property, injury or death. A planned, sustainable approach
to the maintenance of transportation infrastructure requires an objective, reliable, coherent
system for prioritizing remediation of potential rock slope hazards.

Rockfall is best viewed within the larger context of landslides and slope failure, with
respect to which Varnes (1978) made a significant contribution by proposing a rational system
of landslide classification that has since found wide usage. Varnes’ nomenclature was
subsequently refined by Cruden and Varnes (1996). Rockfall and rockslide are forms of
landslide in both the original (Varnes, 1978) and updated (Cruden & Varnes, 1996)
classification systems, the first term (rock) indicating type of material and the second term
(fall or slide) indicating type of movement. For operational reasons, however, State
transportation agencies and the Federal Highways Administration (FHWA) have adopted



simpler nomenclature for rock slope failures impacting highways, referring to all such failures
as rockfall. This usage is consistent with that of the rockfall hazard rating systems that have
been implemented by several states, including Oregon (Pierson, 1992); Utah (Pack & Boie,
2002); New Hampshire (Fish & Lane, 2002); New York (Hadjin, 2002); Washington (Ho &
Norton, 1991); Tennessee (Bateman, 2002; Bellamy et al., 2003; VVandewater et al., 2005); and
Missouri (Maerz et al., 2005). In keeping with this usage, the term rockfall is used in this
paper as a generic term for rock falls and rock slides of all kinds, whether rock is free falling,
toppling, bouncing, rolling or sliding.

In the context of highway rock slopes, potentially unstable slopes present hazards and
pose risks to the traveling public, to the transportation infrastructure, to local economies and to
the environment. The degree and nature of the hazard depends in large part on characteristics
of the rock discontinuities, the height of the rock slope, rock weathering style, presence of
water, and adequacy of the catchment ditch. The level of risk depends additionally on the
amount and speed of traffic, the decision site distance and other factors. Potential rockfall can
also create hazards and risks with respect to ecosystems. Metamorphic or sedimentary rocks
with high pyrite concentrations, for example, can create serious environmental problems if
rockfall (or subsequent filtrate) enters a river or stream producing sulfuric acid (Byerly 1989).

Existing rockfall hazard rating systems (e.g., Pierson et al., 1990; NHI, 1993; Fish &
Lane, 2002) are focused on the safety of primary users; i.e. drivers and passengers of motor
vehicles. Hazard and/or risk in these systems is represented by a numerical score or index. By
including such measures as geologic character, slope height, ditch effectiveness, and vehicle
exposure under a single umbrella rating, these assessment methods incorporate hazard as a
component of risk without clearly identifying the relationship or the distinction between the
two. The broader and more mature field of landslide risk assessment (Hungr et al., 2005), on
the other hand, does differentiate between risk and hazard and, as discussed in Section 3,
appears to be moving towards a rough consensus on interpretations of these terms (Crozier &
Glade, 2005; Sorriso-Valvo, 2005). Landslide hazard modeling and assessment from a risk-
based perspective is a burgeoning field. Papers in recent conferences (e.g., Glade et al., 2005,
Hungr et al., 2005) address such topics as spatial prediction models, vulnerability to
landslides, use of knowledge management, landslide mechanics and causative factors and risk

reduction.
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The need to develop a quantitative rating system to evaluate and prioritize potential
rockfall sites was recognized by Oregon’s Department of Transportation in the late 1980’s,
leading to the development of a system for managing rockfall hazards and risks. Oregon’s
system provided significant innovation with respect to how potential rockfall sites are
identified, assessed and remediated, and has resulted in the emergence of a proactive rockfall
management paradigm focused on rapid assessment, prioritization and pre-event intervention
(reduction of risk at select sites). Over time, new design standards have been adopted to
reduce the potential consequences of rockfall on new or improved roads; and proactive
management systems have been implemented by several transportation agencies in the U.S.,
Canada, Australia and elsewhere (Pierson, 1992; Pack & Boie, 2002; Fish & Lane, 2002;
Hadjin, 2002; Ho & Norton, 1991; Bellamy et al., 2003; Bateman, 2003; Vandewater et al.,
2005; Franklin & Senior, 1987a; Budetta, 2004; McMillan & Matheson, 1998, Ko-Ko et al.,
2004).

1.1-1 Rockfall Hazards
Rockfall events along transportation routes vary widely in terms of size and

mechanism (Figure 1-1). Rockfall involving a single boulder as small as 15-cm (6-in) in
diameter, for example, is considered potentially hazardous, and an object of this size is used as

i Pl
FoA

Figure 1-1. Examples of different rockfall events (a) Large wedge failure blocking two
lanes of Interstate 40 in Carter County Tennessee, (b) slope failing by raveling along
State Route 345 in Claiborne County Tennessee.



the basis for decision sight distance calculations in the geometric design of roadways
(AASHTO, 1995). Rock slope failures represented in transportation department records, on
the other hand, are usually only those that have sufficient volume to block all or part of a
traffic lane. Smaller scale rockfalls are often taken care of by regular maintenance activities
and are not recorded beyond the memories and experience of maintenance personnel and other
public servants (Rose et al., 2003; Loehr et al., 2004).

Mechanisms that convey rock into the roadway can vary greatly as well. Rock slopes
can shed material by differential weathering, raveling or structurally controlled block toppling
or slides. A highway rock slope shedding rock does not, however, constitute a hazard unless
rocks have an opportunity to enter the roadway as a result of rockfall. The hazard potential, in
turn, depends strongly on the design of the catchment ditch. Inadequate catchment is one of
the main reasons for small to medium scale rockfalls to constitute hazards (Pierson et al.,
2001).

Transportation agencies are increasingly recognizing the benefits of evaluating and
prioritizing risks posed to the traveling public by rockfall as part of a proactive strategy to
maintain service and protect the public (Pierson et al., 1990, Hooke, 2000, Keaton & Eckhoff
1990; Davenport, 2000). In order to accomplish this within an overall management framework
(Loehr et al., 2004), practical, well-understood interpretations of hazard and risk in the context
of rockfall are necessary. Most rockfall hazard rating systems that have evolved in the last two
decades (Wyllie, 1987; Pierson, 1992; Pack & Boie, 2002; Fish & Lane, 2002; Hadjin, 2002;
Ho & Norton, 1991; Bellamy et al., 2003; Bateman, 2002; Franklin & Senior, 1987a; Budetta,
2004; McMillan & Matheson, 1998, Ko-Kao et al., 2004) do in fact incorporate hazard as part
of risk. These rating systems estimate risk and hazard directly from some combination of
index measures (Hoek, 2000), field surveys, detailed study at select rockfall sites, and analysis
of maps, cost information and historical records (Maerz et al., 2005).

The Tennessee Department of Transportation began funding research in 2000 into
development and implementation of a proactive management tool to inventory, assess and
prioritize the remediation of rockfall hazards and risks along Tennessee highways (Bateman,
2002; Bellamy et al. 2003; Rose et al., 2003). Effectiveness of the catchment emerged as a key
factor in preventing rocks from entering the roadway (Ritchie, 1963). Other significant factors

include slope height, roadway width, catchment width, average vehicle speed, line of sight and



number of vehicles per day (NHI, 1993). A number of geologic factors pertaining to rock
slopes also contribute to the propensity for rockfall to occur, to the nature and magnitude of
rockfall, and to the potential for rockfall to impact the highway. Such factors include
lithology, degree of weathering, topographic profile, and discontinuity characteristics
(Vandewater et al., 2005). The overall geologic character may also govern the failure mode
that is likely to occur at a given rock slope. In contrast to rockfall hazard rating systems such
as the NHI (1993), Tennessee’s system includes an identification of potential failure mode.
Modes defined in the Tennessee system include the structural modes of plane slide, wedge
slide and topple; and the nonstructural modes of differential weathering and raveling
(Bateman, 2002; VVandewater et al., 2005).

Rockfall control
Rockfall control is an integral part of the management of rockfall hazards. Ritchie’s

(1963) rock catchment design tables have been incorporated into FHWA design charts (Figure
1-2) (FHWA, 1989). Pierson et al (2001) discuss the development of catchment design
concepts and propose improvements to the Ritchie criteria based on an extensive research
program in which over 11,000 rocks were rolled off a variety of slopes (Figure 1-2). In
general, effectiveness of the catchment is maximized if the base of the ditch is covered with a
layer of gravel and a barrier fence is erected between the catchment and the roadway (Hoek,
2000).

Badger & Lowell (1992) describe how rockfall control methods fit into Washington’s
Unstable Slope Management System (Lowell & Morin, 2000). Detailed descriptions of
rockfall control and rock slope stabilization measures can be found in Wyllie & Norrish
(1996) and Brawner (1994). In addition to improved catchment design, control and
stabilization measures include benches, avalanche shelters or rock sheds, fill buttresses, catch
fences and draped mesh (Hoek, 2000). Other measures include rock bolts or anchors, shot in-
place buttresses (Moore, 1994), shotcrete and wire mesh, scaling and removal. Significant
reductions in rockfall hazard can be achieved during road construction by minimizing blast
damage during excavation or eliminating blast damage entirely by use of other excavation
methods (Hoek, 2000).
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Remediation cost
From a management standpoint, the key issues in rockfall hazard management are

public safety; and cost, effectiveness and reliability of control measures (Keaton & Eckhoff,
1990; Hollenstein, 2004; Loehr et al., 2004). Tennessee, for example, has a large number of
potentially unstable rock slopes adjacent to major transportation routes or to rural roads. Rock
slope failures along Tennessee highways have in the past required removal or costly
stabilization treatments, and some of these slope failures have resulted in serious injury to
motorists (Moore, 1986). The monetary costs can be substantial. In 1992, the total annual cost
for mitigation of landslide (of all types) in the State of Tennessee was fifteen million dollars,
representing a total of fifteen projects with an average cost of one million dollars per project
(Walkenshaw, 1992). Several neighboring states in Southern Appalachia (Figure 1-3) had
significantly higher average annual costs for landslide repairs.

Annual landslide remediation costs
for neighboring states

North Carolina 3.00

Kentucky 2.01

Alabama 1.76

West Virginia 1.29

Tennessee 1.00

South Carolina 0.32

Georgia 0.10
in Millions 1990 USD

Figure 1-3. Average annual project cost of landslide repair in states
geographically close to Tennessee (from Walkenshaw, 1992).

1.2 Rockfall Hazard Rating Systems

The value of proactive assessment of rockfall hazard along transportation networks
was identified for Canadian Pacific Rail (CPR) by Brawner and Wyllie (1976), who developed
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a systematic way to prioritize remediation of a large number of rockfall sites. The system
developed for CPR used alphabetical ratings “A” through “F” to indicate qualitative hazard
assessment, where “A” slopes were considered most hazardous and in need of immediate
remediation. The CPR system was subsequently used as the basis for Oregon’s rockfall hazard
rating system (Pierson et al., 1990), which assigned a hazard rating to potentially hazardous
rockfall sites around the state, in order to prioritize remediation. Experience gained in Oregon,
and several other states led to the establishment of a Rockfall Hazard Rating System (RHRS)
developed under the auspices of the FHWA (NHI, 1993) who eventually mandated the use of
rockfall hazard rating systems for proactive management of rockfall hazard nationwide.

1.2-1 NHI System
In the late 1980’s, the National Highway Institute (NHI) developed a course on the

RHRS, under the sponsorship of the FHWA. The system presented in the NHI participant’s
manual (NHI, 1993) will be referred to as the NHI RHRS.

Implementation of the NHI RHRS is carried out in six steps:

1. Rock slope inventory and creation of geographically referenced database.

2. Preliminary rating based on hazard potential of all sites.

3. Detailed rating of sites with the highest hazard potential identified by preliminary
ratings, and prioritization of sites based on hazard rating.

4. Initial design and cost estimates of remedial measures for sites with highest rating.

5. ldentification and development of rockfall correction projects.

6. Annual review and updating of the rockfall database.

The NHI RHRS uses a preliminary rating (step 2) to group rockfall sites into
manageable categories for subsequent detailed ratings (step 3). Rockfall sites identified as
having the greatest potential for rocks to enter the roadway then receive the detailed rating
which evaluates sites based on ten categories. Scores assigned for each category are then
summed to obtain the total hazard rating. Higher ratings indicate higher potential hazard. The
NHI RHRS includes a factor termed average vehicle risk (AVR), that is meant to represent
risk to the motorist based on average daily traffic, the posted speed limit and the length of the
rock slope (NHI, 1993).



12

Potential weaknesses identified for the NHI RHRS concern the qualitative evaluations
used in rating ditch effectiveness, geologic characteristics, presence of water and rockfall
history (Budetta, 2004; Vandewater et al., 2005). The system was intended to be simple,
repeatable and easy to learn, but, there have been no reported studies measuring these
qualities. In addition, the geologic character rating is intended to reflect the worst case
scenario at a rockfall site. As a result, sites with more than one dominate failure mode must be
divided into sections. Several researchers (Budetta, 2004; Hadjin, 2002; Vandewater, 2002;
Cain, 2004) have commented that the evaluation of geologic character uses somewhat
ambiguous and subjective terminology to describe structural or weathering mechanisms.
Subjectivity of ratings makes the NHI system difficult to implement and may cause
inconsistencies in scoring. Budetta (2004) recommends the use of a slope mass rating (SMR)
(Romana, 1985, 1988, 1991) as a substitute for the geologic character rating. However,
Romana’s SMR cannot be used directly to evaluate weathered rock slopes; and Romana
(1991) suggests that the SMR be applied twice, first immediately after construction and
second to represent the slope’s future weathered condition. Use of the SMR may provide a
better description of the rock slope’s geologic characteristics from a rock mechanics
standpoint, but it is significantly more complex than rockfall hazard ratings systems and may
require more training and experience to use on a large state-wide system. Ambiguities in the
NHI (1993) terminology as noted above, were often found with respect to conditions of rock
slopes in Tennessee. In response to such difficulties, the Tennessee rating system was
modified from the NHI (1993), with the goal of representing the geologic character of a rock
slope in a way that is simple, repeatable, and versatile, and with the ability to provide scoring
for multiple modes of geologic control. Information about failure modes, was also included, as
it was of potential benefit to subsequent remediation plans, as needed. Incorporation of
catchment design guides into Tennessee’s rating system has provided a repeatable and
objective way to evaluate ditch effectiveness (Vandewater et al., 2005; Cain, 2004).

A study of repeatability conducted as part of the research underlying development of
Tennessee’s rockfall management system has shown that the system is fairly robust and
consistent with respect to different raters. One-way analysis of variance (ANOVA) indicates
that ratings made by different raters did not have significant differences in means when scores
were aggregated based on physiographic province. The scores were grouped in this manner
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because the geologic score had significant differences between groups of raters working in
different physiographic provinces. This was expected because of the high degree of geologic
and topographic variability between provinces. The degree of physical relief can also vary
significantly within a physiographic province, as is the case in the Valley and Ridge. Site and
Roadway Geometry Scores showed no significant differences in means between raters,
regardless of physiographic province.

1.2-2 Other Rating Systems
The proactive rockfall management paradigm that emerged in the late 1980°s is

changing the approach taken to mitigate rockfall hazards along transportation systems. Most
hazard rating systems developed to meet the needs of individual transportation departments
have been based in large part on the work of Pierson et al. (1990) and the NHI (1990). Hadjin,
(2002) and Fish & Lane, (2002) emphasize that modifications to the NHI RHRS implemented
in New York and New Hampshire have been largely made to provide a closer link between
hazard and risk with the overall goal of prioritizing rockfall sites for remediation. The RHRS
as modified for New York uses a relative risk index in conjunction with the total hazard rating
(Hadjin, 2002) so that mitigation can have a direct impact on the risk index, thus reflecting
mitigation efforts.

Hazard rating systems are in use in many states and countries (Table 1-1) to prioritize

rock slopes for remediation.



Table 1-1. Rockfall hazard management systems.
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Organization Rating/Management Number Reference
System of Sites
Oregon DOT NHI 3000+ Pierson et al., 1990
ODOT, 2001
Utah DOT NHI 1099 Pack & Boie, 2002
New York DOT Modified NHI & Wyllie 1700 Hadjin, 2002; GEM-15,
1996
New Hampshire DOT Modified NHI & Wyllie 85 Fish & Lane, 2002
Missouri DOT Modified NHI & Ontario 300 Maerz et al., 2004 &
MORFH RS 2005
Idaho DOT Modified NHI, HiSIMS 950 Miller, 2003
North Carolina DOT  NHI 1(20-  Kuhne, 2002
Mile
setion)
Washington State Unstable Slope 2500 Ho & Norton, 1991
DOT Management System
Kentucky DOT NHI 1800  Hopkins et al., 2001
Tennessee DOT Modified NHI 1943 Vandewater, 2002
British Columbia NHI 1 (480-m Bunce et al., 1997
MOTH* in8
sections)
Canadian Pacific Rail Brawner & Wyllie N/A Brawner & Wyllie,
1975; Mackay 1997
Ontario MOTH* RHRON N/A Franklin & Senior,
1987a
Italy Modified NHI 7 Budetta, 2004
Hong Kong New Priority Classification 1400 Wong, 1998
Geotechnical System
Engineering Office
Scottish Office Rock Slope Hazard Index N/A~ McMillan & Matheson,

Industry Department;
Roads Directorate

System

1998

*Muinistry of Transportation and Highways (MOTH)

The architectures of hazard rating systems have organized their respective components
into unique implementations, that can be evaluated based on their contribution to the proactive
rockfall management paradigm. Each system can be described by several factors.
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o Implementation context: where, why, and how the system was or is being implemented.

o Customizations: nearly every system is based on the NHI, and each application has
modified the system to meet management goals.

o Scale and scope: the modifications and implementations described in the literature have
been developed for a variety of scales ranging from individual rockcuts to state-wide
studies.

o Management framework: one of the goals of implementing these systems is to efficiently
allocate limited resources to manage rockfall hazards. There have been a variety of
management frameworks proposed in the literature.

Management approaches
Efficient management of rock slopes is difficult, due to the broad range of conditions

related to rockfall hazards, the unpredictability of rockfall events and limited budgets for
remediation of rock slopes. The Tennessee Department of Transportation, like most state
DOT’s, has in the past adopted a reactive strategy for managing rockfall. Rock slope stability
problems along existing highways are identified and remediated in response either to existing
rockfall maintenance problems or to failures that impact the motoring public or the
transportation infrastructure (Moore, 1986). A proactive approach to managing rockfall
problems, in which problem areas are systematically identified, inventoried, prioritized and
remediated, can lead to more efficient and economical use of resources, as well as improved
safety and increased confidence of the public (Pierson et al., 1990). The overall management
of rockfall hazards has one main goal: Efficient use of agency resources for the reduction of
rockfall hazard and associated risks. Rockfall hazard prioritization leads to remediation of the
worst sites first. Remediation is typically focused on hazard mitigation and risk reduction.

A value engineering approach that incorporates a risk-based framework has been
suggested by Keaton and Eckhoff (1990). Value engineering attempts to reduce risk to an
acceptable level while minimizing costs. Loehr et al. (2004) have suggested the use of
decision analysis within an asset management framework (FHWA, 1999) for the economical
reduction of geologic hazards and their associated risk. The asset management framework
described by Loehr et al. (2004) aims at using decision analysis to balance remediation costs
with uncertainty of their outcomes over the life of the slope. Value engineering and asset
management approaches are very similar in how they balance cost versus risk. Appropriate
frameworks must be developed for individual transportation systems, however, in order to

account for the cost structures and project protocols found at individual transportation
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agencies; these systems and methods have yet to be fully integrated into a single coherent
flexible management system.

Rockfall hazards along highways often have unique characteristics. Road construction
in mountainous regions tends to be a balancing act between road grade & alignment,
constructability & cost, driver safety and road serviceability, and frequently results in cutting
through potentially unstable geologic structures. Geologic materials and structures, terrain
features and the road network can all be represented as spatial layers within a GIS. Overlaying
layers can help determine interactions among other data layers as they relate to rockfall

potential.

The Tennessee System
Tennessee is in the process of implementing a program for proactive management of

rockfall risk. Tennessee's rockfall management system (TennRMS) incorporates value
engineering and systematic risk rating procedures into a suite of decision analysis tools used to
prioritize potential rockfall sites for remediation. TennRMS is designed around an asset
management framework to facilitate timely cost effective decision making. Rockfall risk was
assessed as part of the initial inventory using a customized rating procedure (Vandewater et
al., 2005) adapted from the NHI (1993) Rockfall Hazard Rating System.

1.3 Defining hazard and risk
Calculated risk was the subject of Casagrande’s Terzaghi lecture (1965), although its

origins in earthwork engineering are, of course, much older. Quantitative risk assessment in
geotechnical engineering and slope stability analysis took hold in the 1970°s and 80’s with the
work of Whitman (1984), Tang (1978), Baecher (1983), Wu (1974), Einstein (1988), Varnes
(1978), Cruden (1991) and Fell(1994). Summaries of these developments are given by
Morgenstern (1995), Christian (1996) and Vick (2002).

Definitions of risk and hazard as they apply to geotechnical engineering have been
offered by Morgenstern (1995), Fell (1994), Baecher & Christian (2003), the International
Union of Geological Sciences (IUGS, 1997), NRC (2004), Whitman (2000) and others (Tables
2 and 3). Most methods for characterizing risk & hazard incorporate probability and are based
on an explicit or implicit assumed time horizon. Definitions paraphrased from the IUGS and

examined in detail below (see Tables 1-2 and 1-3) are as follows:
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Risk — a measure of the probability and severity of an adverse
effect to health, property or the environment.

Hazard — a condition with the potential, described in terms of
size and probability, for causing an undesirable consequence

One approach to assessing and communicating geotechnical risk is by means of
Hazard-Consequence Matrices, which provide a qualitative assessment of risk based on
categorical measures of hazard, and the corresponding consequences. Figure 1-4 gives an
example, in which risk measures range from very high (red) to low (green), and sites with
moderate hazard but high consequence are assessed as high risk. Fraser & Howard (2002)
have suggested the use of hazard-consequence matrices as a means to simplify parameter
selection for use in deterministic seismic hazard analysis; Haack & Sutliff (2003) have
employed this type of matrix for risk assessment of CalTrans projects; and Ko-Ko et al. (2004)
discuss their use for landslide hazard and risk assessment in Australia. Maerz et al. (2005)
have proposed the separation of what they term risk and consequence for assessment and
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Figure 1-4. Example of consequence-hazard matrix
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prioritization of rockfall problems along Missouri state highways. Their assessment method
includes a number of innovative features for measurement of rock slope characteristics (e.g.,
video images) that may be particularly suited to the relatively uniform geology and terrain of
Missouri. Contrary to typical usage (e.g., Table 3), Maerz et al. (2005) have used the term risk
as an index of propensity for rockfall occurrence rather than as a measure of probability and

consequence.

1.3-1 Hazard
Rating systems developed for the prioritization of rockfall sites are typically hybrid

systems, incorporating both hazard and risk but without identifying the relationship between
the two, and have in the past commonly been referred to as hazard rating or hazard assessment
systems. As presented here, systems used to prioritized rockfall sites for remediation that
incorporate hazard and risk evaluation will be termed risk rating systems. Hazard is here
viewed as a component of risk, and is assessed as a function of rockfall history, geologic
characteristics, estimated volume of failure and other factors. Risk is evaluated in terms of
average vehicle risk based on the degree of hazard, speed limit, road geometry and average
daily traffic.

Vick (2002) notes that the term hazard is used in a variety of ambiguous ways within
the engineering profession; and, indeed use of the terms hazard and risk in the context of
rockfall hazard rating systems has been somewhat inconsistent. In particular, the term hazard
has been interpreted in three different ways in the geotechnical and landslide literature from
the last decade. These three interpretations are as follows.

Hi: Condition with potential for undesirable consequences
Hy: Probability of occurrence of a damaging phenomenon.
Has: Description of magnitude and probability of adverse events.

The original definitions and their sources are given in Table 1-2. These interpretations are very
much context-dependent, and the differences may be partly semantic. H1 is consistent with
ordinary non-technical usage; and also with Ayyub (2003), for example, who defines hazard
as a source of potential harm. The word potential, however, implies a recognition of
uncertainty, and thus H1 incorporates probability implicitly, if not explicitly. H2 is a statement

of probability, but omits information about the nature of the hazard. Interpretations H1 and H2
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are both used in the rockfall and landslide literature. The inherent limitation of these
definitions, as well as miscommunications arising from the dual interpretations can be avoided
by broadening the interpretation of hazard to H3, consistent with usage of Fell, Finlay and Fell
and IUGS. This is the interpretation of hazard that has been adopted conceptually for the
TennRMS.

Table 1-2. Interpretations of landslide hazard

General Hazard Definition Units Reference Note

(1) Description of magnitude Fell, 1994 1
and probability of adverse [Descriptive] Finlay & Fell, 1997 2
events IUGS, 1997 3

Morgenstern,1995
Fell & Hartford, 1997

(2) Condition with potential for [Descriptive] Alexander, 2002 & 2004

undesirable consequence

4
5
NRC, 2004 6
7
8
9

Crozier & Glade, 2004 , 11
Whitman, 2000
(3) Probability of occurrence None Chang-Jo & Fabbri, 2004
of damaging phenomenon Crozier & Glade, 2004 10,11
Sorriso-Valvo, 2005 12
Considered ambiguous; N/A Vick, 2002 13
omitted Baecher & Christian, 2003 14

Specific Comments and Definitions of Hazard

1. Inabroad sense {expected[magnitude|occurrence] x prob[occurrence]}.

Hazard is defined as {a description of the volume and probability of occurrence of a landslide(s)}.

3. Hazard should include descriptions of size and probability. Hazard, alternatively, may be defined as

{prob[particular landslide occurs within a given time]}. Hazard identification & analysis is described as

determining the prob[number and characteristics of landslides] to produce a frequency-magnitude

distribution.

Hazard should include descriptions of size and probability.

Hazard is defined as {description of a dangerous condition, event or phenomenon that may occur}.

Hazard is defined as {potential occurrence of a damaging landslide}.

Hazard is defined as {potentially damaging process or situation}.

Hazard “expresses the likelihood that some event may occur”.

Hazard defined as {prob[damaging event] within a given time and area}.

10 Hazard defined as {prob[damaging event] that varies with magnitude}.

11. Authors identify both uses of hazard found in natural hazards research, (1) defining it as {a potentially
dangerous event or condition} and (2) defining it as {the probability of a dangerous event}.

12.Hazard is defined as {probability that a given event of given size will occur within a fix time interval}.

13. Considers hazard to have been defined in ambiguous and incompatible ways and avoids using the term

14. Authors make no reference to hazard and provide not definition of the term

N

©oNo O~
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1.3-2 Risk
Fell (1994) lamented that there is no generally accepted definition of the terms used in

risk assessment, remarking that the United States Society for Risk Analysis took over three

years to come up with fourteen candidate definitions of risk. Finally, the committee

recommended that a single definition not be established and that risk should be defined as

appropriate for individual applications (Kaplan, 1991). Since then, a number of interpretations

of risk in a geotechnical or landslide context have been suggested, with a rough division into

three broad definitions, as follows, with the original statements and sources given in Table 3.
R1: Prob[hazard & loss].

R2: Interaction of (hazard, susceptibility, loss).
R3: Prob[consequence] x consequence.

With regard to these definitions, Whitman (2000) and the NRC Committee on the
Review of the National Landslide Hazards Mitigation Strategy (NRC, 2004) have proposed
R1, describing risk as the product of the probability that a hazardous event occurs and the
probability that losses are incurred given that the hazard occurred. From basic principles of
probability (Ang and Tang, 1975), this is equivalent to the probability of hazard and loss.
Alexander (2002, 2005) has suggested R2, viewing risk as a non-specified function involving
the product of hazard, vulnerability and exposure, where exposure is susceptibility to loss and
the outcome is measured as value or percent of loss. Fell, (1994); Morgenstern, (1995);
Baecher and Christian, (2003) and Crozier and Glade, (2005), along with the majority of other
authors, have adopted R3, interpreting risk as the product of probability and consequence. The
units, typically, are those of dollars or lives. Some authors (e.g., Fell, 1994; NRC, 2004;
Sorriso-Valvo, 2005) include vulnerability within their definition of risk, with vulnerability
defined as expected degree of loss. Consequence, interpreted as an expected value, is then
synonymous with loss, degree of loss and expected value of loss. Total risk is the summation
of specific risks throughout a system (Fell, 1994; Baecher & Christian 2003).

Consistent with R3, Ayyub (2003) views risk as the potential of loss resulting from
exposure to a hazard, and suggests that risk should be regarded as a multidimensional quantity
that includes event occurrence probability and consequence, consequence significance and the
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population at risk. Ayyub (2003) also introduces time explicitly into the evaluation of risk,
proposing that:

Risk(wjzukenhood(e_vemjx.mpact(wj, 1)
time event

time

where the quantities in brackets are measurement scales.

The conceptual approach to evaluation of risk as implemented in TennRMS (Figure 1-
5) is consistent with Equation (1). In keeping with the majority usage (Table 1-3) risk is taken,
in a general sense, to be prob[consequence] x consequence; i.e. interpretation R3. Total risk
encompasses the assessment of potential hazards that are acted on by causal factors (e.g.,
weather, construction, and seismicity), in the context of uncertainty and time; together with an

assessment of possible consequences (e.g., road closure, traffic accidents).
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Table 1-3. Interpretation of landslide risk

General Risk Definition* Units Reference Notes
Prob[hazard & loss] None Whitman, 2000 1
NRC, 2004 2,6
Interaction of (hazard, susceptibility, loss) Valueor  Alexander, 2002 3
% loss
Fell, 1994 4,6
Morgenstern, 1995 5
(a) Probability x consequence Finlay & Fell, 1997 4,6
or, more specifically: IUGS, 1997 7
Fell & Hartford, 1997 7,5
(b) Prob[consequence] x consequence. Dollars or  Vick, 2002 8
Lives Baecher & Christian, 7,5
Alternatively, and equivalently (see (typically) 2003
notes) NRC, 2004 9,5
Chang-Jo & Fabbri, 2004 10
(c) Degree of loss Crozier & Glade, 2004 11,5
Sorriso-Valvo, 2005 12
Alexander, 2004 13

*Definitions may include an explicit time frame, spatial element or dosage rate; in other cases time and space elements are
implied. Some definitions may employ the term vulnerability; in all such cases the final result is one of a, b or c,
above (see notes).

**Expected degree of loss is identical to the expectation, or expected value, of loss.

[S2 0

© 00 ~NO»

Specific Comments and Definitions of Risk

. Risk is defined here as {prob[hazard occurs] x prob[loss|hazard occurs]}. From basic principles of probability,

the above = prob[hazard and loss]

. Defines risk as {prob[hazard and loss]} and subsequently as {expected degree of loss**}. These are different

definitions; the former is dimensionless, the latter has dimension of dollars or lives (typically).

. Risk is defined (glossary) as {potential interaction of hazard and vulnerability} generally expressed as a

percentage of loss. Risk is also viewed as (narrative) being essentially {hazard x vulnerability x degree of
exposure}; vulnerability is {susceptibility to losses}.

. Vulnerability is defined as {degree of loss}, which is here viewed as being synonymous with consequence.
. Defines risk as {prob[consequence]xconsequence} or {expectation[consequence]**}. The former is actually

stated as probability x consequence; it is assumed here and stated for clarity that the probability is that of the
consequence.

. Distinguishes between specific and total risk

. Defines risk as {probability x consequence}

. Risk is defined as {(probability of failure) x (consequences of failure)}

. Risk is defined as {(likelihood of slide) x (probability of spatial impact) x (temporal probability) x

(vulnerability) x (elements at risk), for all hazards}

10.Risk defined as {expected degree of loss}; may be the product of hazard and vulnerability. Vulnerability

defined as {degree of loss resulting from the occurrence of a hazard, expressed on scale of 0 to 1}.

11.Risk defined as {a measure of the probability and severity of loss; usually expressed over specified area,

object, activity or time period}

12.Risk defined as {hazard x vulnerability x value of good at risk, expressed in terms of money or loss of lives};

vulnerability defined as {percent value lost when affected by given event}
Risk is defined as {function (temporal exposure, vulnerability, probability [H])}; vulnerability may represent
the {potential value of total losses}. The function is unspecified.
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1.3-3 Deconstructing Rockfall Risk
Risk ensues from the potential for consequences such as accidents, economic loss due

to road closure or environmental damage. In this section, we deconstruct risk associated with
rockfall events, expressing the probability of a specific consequence in terms of causal factors.
Recognizing that the probability of a consequence depends in part on characteristics (e.g.,
volume, integrity, shape) of rockfall debris as well as on the mechanism of slope failure that
places rock on road, we condition the probability of the consequence on classes of rock-on-
road (rr), which are denoted rry, rro, ..., rro. Then, from the total probability theorem,

Prob(consequence) = Prob(consequence | rr1) x Prob(rry) + Prob(consequence | rry) x )
Prob(rry) + ... + Prob(consequence | rr,) x Prob(rry),

where rry, 11, ..., 1y is @ mutually exclusive and collectively exhaustive set. The overall
probability of a consequence is then determined via a union operation. Prob(rr;) is the
probability of occurrence of rr; (class i rock-on-road), and the conditional probability
Prob(consequence | rr;)® is the probability of the consequence given that the event rr; has
occurred (or the condition rr; is present). To evaluate the probability of rr;, we condition on a
rock slope failure event to obtain,

Prob(rr;) = Prob(rr; | failure)® x Prob(failure)°, (3)

where it is assumed that rock-in-road is predicated on a slope failure. The superscripts a, b and
c identify the basic components (Figure 1-6) used conceptually to evaluate a relative index for
probability of consequence within TennRMS. Contributing to (a) Prob(consequence | rr) are
factors such as average daily traffic, posted speed limit and decision site distance, as defined
in NHI (1993). Contributing to (b) Prob(rr | failure) are factors related to rocks reaching the
road, given a failure, such as ditch effectiveness, block size & shape and launching features.
Contributing to (c) Prob(failure) are factors related to rock slope stability such as potential
failure mode(s), steepness and frictional strength of discontinuities, weathering and presence
of water. Spanning (b) and (c) are the failure mode(s) and slope height; while length of rock
cut spans (a) and (c). Motorist Risk is not comprised only of probabilities, however; but also
includes an evaluation of potential consequences to motorists due to rock-in-road, such as

injury, loss of life, property damage or delays (Figure 6).



25

// RlSK (CIosure risk?\

Consequences:
. economic,

f Motorist risk \ social

/ Hazard \

§
/Environmentz)

P(rrfailure)? P(failure)e P(cons|rr)? risk

Ditch | Steepness Consequences:

Block size | S19P€ | Friction DSD water quality

Block shape|_N€19Nt | weather ADT ecosystems,1

Launching [, "] Water Slope \_ aesthetics /
features length

mph

; = fSecurity risk
o / Consequences:
S Obstruct first

I, 2oalflly
/ responders,
security or

Consequences: \_ military )
K Injury, loss of life, property damage, delays /

\2 /

Figure 1-6. Architecture of risk rating system, showing schematic relationship
between hazard and consequence in the context of rockfall.
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Most of the factors contributing to motorist risk as described above are typical of those
used in rockfall hazard rating systems (with a few such as mode and block shape that are
unique to the Tennessee system). The underlying architecture of motorist risk from rockfall,
however, as revealed in Figure 6, shows unequivocally that hazard is a subset of risk, that
hazard is predicated on the potential for identifiable consequences, and that assessing risk
involves identifying hazards and consequences and evaluating associative probabilities. It thus
becomes clear that the systems conceived to prioritize rockfall mitigation (e.g., Wyllie,1987;
Pierson, 1992; Pack & Boie, 2002; Fish & Lane, 2002; Hadjin, 2002; Ho & Norton, 1991,
Bellamy et al., 2003; Bateman, 2003; Franklin & Senior, 1987a; Budetta, 2004; McMillan &
Matheson, 1998; Ko-Ko et al., 2004), are in fact prioritizing sites on the basis of risk and not
hazard. The stage is set, therefore, for the employment of more robust and powerful risk

analysis methods than can be focused on sites with high risk ratings. The risks related to
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rockfall go beyond those faced by motorist; they can also include possible damage to the
roadway, economic loss due to lane closure, security issues and environmental impacts (Figure
1-6). Decision analysis requires consideration of all possible impacts to develop an

understanding of system-wide hazards, consequences and risks.

1.4 Assessing Rockfall Risk

The relative risk index systems described above are useful for statewide prioritization
of potential rockfall sites for remediation. A more precise quantification of risk at specific
sites may be necessary, however, for engineers, planners and managers to take full advantage
of methods such as decision analysis and value engineering and to aid them in making
economic and timely decisions that promote public safety. Risk assessment requires an
evaluation of the probability of failure (Whitman, 2000; Duncan, 2000; Baecher & Christian,
2003) and there are several approaches to estimating the probability of failure and reliability of
rock slopes (Hoek and Bray 1981; Singh and Vick 2003; Duzgun et al. 2003).

In certain situations if may be advantageous to estimate specific risk to motorists at a
potential site. We take as an example, a case that was studied by Bunce et al. (1997) pertaining
to rockfall incident that occurred at a location called the Argillite Cut in British Columbia. A
rockfall that occurred while traffic was stopped for 30-minutes in front of the Argillite Cut
resulted in a woman being killed and her father disabled when their car was crushed. With the
goal of evaluating risk at the Argillite Cut, Bunce et al. (1997) examined boulder impacts in
the asphalt in order to estimate rockfall frequency and based on those frequencies, established

motorist risk related to rockfall.

1.4-1 Spatio-Temporal Poisson Process
Where spatial and temporal rockfall frequencies can be determined, probabilities

associated with motorist risk from rockfall events can be determined by means of a two
dimensional (2-d) spatio-temporal Poisson process (Cressie, 1991). For convenience, the
spatial dimension is taken to be that of distance along the rock cut, and the temporal
dimension is time from the start of a typical year (Figure 1-7). The assumption implicit in this
model is that temporal frequency and spatial frequency are independent and stationary (non-

varying). While these assumptions may be an over-simplification, they are a starting point, and
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Figure 1-7. (a)Representation of spatio-temporal Poisson process for rockfall
events (dots). The time axis covers a typical year (8760-hrs). The space axis
represents the length of the rock cut. (b) Schematic of rock cut showing spatial
axis in relation to roadway.

are the same assumptions as were used in the analysis by Bunce et al. (1997) which utilized
the binomial distribution.

We let random variable X represents the number of rockfall events occurring within
time interval t and length interval s. In a spatio-temporal Poisson process, the probability of
exactly x rockfall events in time t and length s is
x) Ast®

:—e_

P(X = - | "
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where X is the spatio-temporal frequency. To find the probability of zero rockfall events

within a specified space-time interval st, x =0 and
P(X = O) = e_ﬂSt , (5)
so that the probability of at least one rockfall within the space-time interval st is
P(X >1)=1-P(X =0)=1-e¢™™" ©)

We let Ly and Lyen denote the length of the rock cut and the length of the vehicle,
respectively., The spatial interval (s) and temporal interval (t) to which the vehicle was
exposed are simply the length of a vehicle (s = Lyen = 5.4-m) and (t = 0.5-hrs) respectively.
(Ley = 476-m).

The spatio-temporal frequency A is computed as the number n of capable rockfall
events determined along the rock cut length over the course of a typical year, divided by the

product of year length rockfalls in hours and cut length in meters.
1

n 2.2 ~582x107 ——

ﬂ/ = =
yearxL, 476-mx8760-hrs/yr m-hrs

(7)
Then using Eq. 4 the probability of a rockfall impacting a stationary vehicle of length 5.4-m
parked in front of the Argillite Cut for 30-mins, given a temporal rockfall frequency of 2.2-

rockfalls/year would be

P(rockfall impacts vehicle) =1—e~*"...

5.82x1077

J(5.4~m)(0.5-hrs)
= 1.42)(10_6_ (8)
Alternatively, one can use the binomial distribution to determine the probability of a rockfall
impacting a stationary vehicle. From this viewpoint, each capable rockfall is considered a
Bernoulli trial with the probability P of impacting the vehicle. The probability of exactly x
rock-to-vehicle impacts out of n capable rockfall events is given by the binomial distribution:

P(X = X):nl(nLix)l p’A-p)"”
] ] )

For the case of zero impacts
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_ _1_ RN
P(X =0)=1-p" o)
So that the probability of at least one rock-vehicle impact out of n capable rockfall events is
> ): — (1= p)"
P(X20)=1-(1-p)" an

Here p is the probability of impact given that a single capable rockfall event occurs from the
rock cut concurrence of vehicle and rock in time and space requires that: (1) the vehicle is
underneath the cut at the time of the rock cut (temporal concurrence) and (2) some part of the
vehicle is in line with the rockfall (spatial concurrence). Thus P can be evaluated as the

product of two probabilities:

P = pt X pS (12)

L _ 95 5715107

P = 8760 ~ 8760 | )

where t is the time the vehicle is in front of the rock cut, and (2) the probability that the

vehicle and the rockfall event occupy the same space ps

b= =% 90113
L, 476
: (14)

So that for P = pt xps = 6.47%x10-6

Bunce et al. (1997) consider three estimates of temporal rockfall frequency at the site
in question, the reported rate (2.2-rockfalls/year), their best estimate from impact marks (9.1-
rockfalls/year) and their estimate of the upper bound frequency from rock impact marks (15.4-
rockfalls/year) (Table 1-4). Corresponding spatio-temporal frequencies for the 476-m-long cut
are also given in Table 1-4.

Table 1-4. Rockfall frequencies

Rockfall frequency Rockfall frequency Spatio-temporal
(Bunce et al. 1997) (Bunce et al. 1997)  rockfall frequency (A)
Rockfalls / year Rockfalls / hour Rockfalls / hour-meter
Reported Value 2.2 2.51x10™ 5.28x10”
Best Estimate 9.1 1.04x10° 2.18x10°

Upper Bound 15.4 1.76x10° 3.69x10°
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Bunce et al. (1997) examined several scenarios: (a) The probability of rockfall
impacting a vehicle that is parked in front of the rock cut for 30-minutes (b) The probability of
any car in a row of traffic being impacted by a rockfall (c) The probability of a rockfall
impacting a moving car and (d), the annual probability of rockfall impacting a moving car.

We make assumptions as follows (Bunce et al., 1997) for scenario (a) vehicle is 5.4
meters; for scenario (b) the average vehicle length is 5.4-meters and the vehicle-to-vehicle
spacing is 1.5-meters; for scenario (c) vehicle speed is 80-km/hour and for scenario (d)
average daily traffic is 4800 vehicles per day, and traffic in one direction is considered.

Results from scenarios a through b are determined by inserting appropriate values of s

and t into Eq. (8) the results are given in Table 1-5.

Table 1-5. Results for example scenarios (a) through (b) for A = 5.28x10” Rockfalls / hr-m

Scenario  Event s (m) t (hrs) Probability

@) Rock impacts stationary 5

car 5.4 0.5 1.42x10
(b) Rock impacts any 54x476 376.5

stationary car 54+15 0.5 9.83x10°
(©) Rock impacts a moving 476 0.006

car (one trip) 5.4 Y =50000 " " 1.70x10°
(d) Rock impacts any -

moving car (over a 5.4 (365)1(38252(” B 2.98x107

year) ’

The same results are obtained by use of the binomial distribution as given by Eq. (11).

Bunce et al. (1997) also used the binomial distribution to calculate probabilities for
scenarios a through d, with rockfall event viewed as Bernoulli trials. However, as pointed out
by Hungr and Beckie (1998) the method used by Bunce et al. (1997) to determine the
probability P associated with Bernoulli trials was incorrect. For this reason, the results given
by Bunce et al., (1997) differ from those in Table 5. However, by a fortuitous coincidence

several of the results of Bunce et al. (1997) are very close to those in Table 1-5.



1.5 Risk Management

The asset management framework used
within the Tennessee Rockfall Management
System (TennRMS) was adapted from the asset
management framework suggested by FHWA
(1999), and has eight basic components (Figure
1-8). Establishment of goals and policies
related to asset management is essential for cost
effective reduction of risk related to rockfall,
and efficient management of maintenance and
remediation activities. The rockfall inventory
and risk assessment were developed as part of
the rockfall risk rating system. The decision
support component of TennRMS takes
budgetary considerations, acceptable risk
criteria and the effectiveness of previous
remediation projects as input which is then uses
to evaluate remediation options for project
selection and possible implementation (Alter,
2004; Cheng et al., 2002). The key part of the
asset management system is periodic re-

evaluation of performance and expenditures

Goals and
Policies

v

Rockfall
Inventory

v

Rockfall Risk
Assessment

v
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Evaluation of
Remediation
Options

. Budget &
Allocations

v

Project Selection

v

Program

' Implementation

v

Performance
Monitoring &
Review

Figure 1-8. Basic asset management system
components (adapted from FHWA, 1999).

related to remediation projects to determine if the goals and policies are being pursued

effectively. Asset management will enable TennRMS to attain TDOT’s rockfall risk

management goals via cost-effective policies and practices.

1.5-1 Decision Analysis

Decision models are tools that can be used to optimize evaluation of alternative

solutions to a problem based on existing information, restrictions and uncertainties.

Uncertainties involved in decision models are normally quantified as probabilities and

incorporated into analysis. The uncertainties may be associated with uncontrollable events that
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affect the outcome or choice of alternatives (Antell et al., 2004). Existing information used in
decision models refers to any documented information related to the decision, as well as the
experience of the decision makers. Two common tools used in decision process are decision
trees and event trees (Baecher & Christian, 2003). Event and decision trees are advantageous
because they promote understanding of the problem at hand. In both approaches the concept of
utility is used to prioritize outcomes and events (Whitman, 1984).

A decision tree is a logical layout of a decision process using decision and chance
nodes, which includes possible decisions, outcomes, consequences and associated
probabilities. The purpose of a decision tree is to create a model that can develop a
quantitative answer to a qualitative question. The concept of utility is used to place value on
each outcome, or event in the decision process. The path through the decision tree with the
greatest value can then be found (Ang & Tang 1990).

An event tree is a graphical representation of many possible events that arise from one
initial event. Similar to a decision tree in form, an event tree fans out progressively showing
the series of events that can follow the initial event. The purpose of event trees is to create a
model that accounts for all possible scenarios following an event of interest. The initial event
could be an earthquake, a flaw in design, or a rockfall. The event tree is structured so that all
outcomes are accounted for, including those that cause failure. Probability of the terminal
events, such as failure, can be determined with the event tree. The utility of the initial event (or
choice) can also be determined using the event tree. When an event tree is used to determine
the utility of the initial event it can also be called a consequence tree (Baecher & Christian
2003).

In order to properly use decision trees effectively on a large scale as part of a risk
management system, further exploration is needed. The event tree used to calculate the utility
of remediation methods can be expanded to breakdown a rockfall event further. Updating
procedures based on Bayesian statistics can be integrated into investigation decisions
(Benjamin and Cornell, 1970). In order to effectively create a decision component for a
Rockfall Management System, a balance between conceptual accuracy and practical
implementation must be reached.

Information can be taken from the rockfall management system to be used in the

decision analysis model, but in order to improve the decision model certain information needs
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to be refined. A crucial part of the decision analysis is the prediction of the occurrence of
rockfall events. In the example given, a Poisson distribution was used with an assumed mean
temporal occurrence rate from Bunce et al. (1997). Use of maintenance records and
geotechnical reports maintained in TennRMS will be the primary source of data for
calculating mean occurrence rates for use in the decision model.

A number of approaches can be taken to reduce rockfall risk along a roadway. Options
might include rock-bolts, and wire mesh, use of rockfall fences, scaling, cutting back the
slope, or lowering the speed limit. Decision tree analysis as a procedure for incorporating
these and other options into a logical design process will be implemented within the
management system. Decision tree analysis provides a guide for decision making, and
improves understanding by decomposition of the important aspects of a problem. Decision
trees are not intended to remove human aspects from engineering decisions such as those
involved in rockfall remediation, but do provided an additional tool that can be utilized by the

engineer.

1.6 Conclusions
This paper has demonstrated the advantages of the proactive risk management

paradigm with respect to rockfall along highways. It has also clarified some of the methods
used to assess risk and hazard. A detailed review of previous work and an examination of risk
assessment methodologies, management strategies and decision analysis has also been
presented. Methods used to prioritize rockfall sites for remediation have provided a great
service to transportation departments; however they can be improved by more clearly
identifying hazards and consequences prior to assessing risk. Determination of probabilities
associated with slope failure, rockfall and consequence can be facilitated by assuming rockfall
impact is a spatio-temporal Poisson process. It is important for rockfall management systems
to clearly state their interpretation of hazard and risk in order to develop a robust decision
process. Over time, more sophisticated forms of risk assessment and management should yield

economic benefits and contribute to a sustainable civil infrastructure.
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2. Managing Rockfall Risk with Pervasive Information
Technology

Abstract
The Rockfall Management System (RMS) recently implemented for Tennessee DOT

takes advantage of modern IT methods for information collection, management and
distribution. The RMS has three basic components (1) electronic data collection, (2) rockfall
database, and (3) web-based GIS interface. This paper will provide detailed descriptions of the
role of IT in integrating components of the rockfall management system. Information used in
the risk rating system, decision & risk analysis models, and asset management elements is
collected, maintained and distributed within a knowledge management (KM) framework. IT is
used as the stitching to bind the parts together. From the use of PDA’s for field data collection
to the web-based interface for managing and interacting with rockfall information, the
Tennessee Rockfall Management System provides an example of a fully integrated standalone
system of proactive risk management.

For submission to: Journal of Computing in Civil Engineering (ASCE) or Journal of
Infrastructure Systems (ASCE)
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2.1 Introduction
Information technology (IT) as defined in Jarke (2003) refers to techniques for

handling information by automatic means, such as computing, telecommunications and office
systems. IT involves maintaining, analyzing, manipulating, distributing and displaying
information via a wide range of electronic devices and software (Loudon, 2000). IT is also
closely related to information science in the methods employed for information management
and analysis. Loudon (2000) provides descriptions of how IT is used to support geosciences
from the individual scientist to workgroups and throughout the analysis and management
process. IT has made significant impacts on nearly every industry and discipline and
geological engineering is no exception.

Current IT solutions in civil engineering go well beyond the stand-alone applications
that have been developed in the past to deal with specific engineering problems, such as
hydrologic modeling or slope stability analysis. Engineering application development must
now incorporate database, internet and other advanced technologies to be considered IT. The
application of IT to civil engineering problems involves the use of databases, electronic data
collection, web-based applications, and geographic information systems (GIS). IT solutions to
specific engineering problems have tended to be focused on project management and decision
support. Civil engineers are often tasked with managing large and complex systems, such as
transportation networks. As these systems and projects become more complex, so does the
information. IT can aid in organizing and analyzing the information needed to make critical,
timely and economic decisions. Database technology serves as the foundation of most IT
application and information distribution is performed using web-based and network
technologies. The pervasive use of IT from gathering data in the field to distributing
information in the form of maps and reports via the Internet has greatly facilitated the timely
& reliable discrimination of information required for decision making.

This paper will discuss the pervasive use of IT throughout a system designed to assist
in the management of rockfall risk along state routes in Tennessee. The system incorporates
principles of knowledge management (KM) to provide a means for maintaining information
related to rock slope projects, rockfall risk, and their mitigation. All the information related to
rock slope hazards and the risks they pose is stored in a centralized database and distributed
using web-based mapping and database applications. The rockfall management system has
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been designed to fit into TDOT’s enterprise information system which provides centralized
data access all TDOT personnel. The Rockfall Management System (RMS) will eventually

become part of TDOT’s overall decision process.

2.1-1 Rockfall problems and management
Failures of rock slopes along Tennessee highways have been a recurring problem for

the Tennessee Department of Transportation (TDOT) for many years and continue to present a
hazard to the public. Such failures are most prevalent in the Valley & Ridge and the Blue
Ridge physiographic provinces (Figure 2-1) of Tennessee (Royster 1973; Moore, 1986). Rock
slope failures occur in many forms, including planar slides, topples, wedge failures, rockfalls,
and raveling. They can require expensive remediation and at times have resulted in serious
injury to motorists (Royster, 1979; Moore, 1986). Potentially unstable rock slopes in
Tennessee have widely varying lithologies, discontinuity geometries, weathering tendencies,
topographic profiles, and structural geologic settings, each of which influences the likelihood
of failure as well as the consequent risk (Figure 2-1). The risk to the public presented by
unstable rock slopes depends additionally on such factors as slope height, roadway width,
width of ditch area, vehicle speed, line of sight and number of vehicles per day (Pierson et al.,
1990; NHI, 1993). Overall, the broad range of conditions related to rockfall hazard, and the
traditional methods of information dissemination (i.e., paper reports and files), have in the past

made efficient management of rock slopes quite difficult.

nghland Rim Cumberland Plateau Valley and Rldge

0 200 400
| ] km L\
Figure 2-1. Physiographic map of Tennessee with rockfall risk rating sites (black dots).
Each physiographic province is associated with characteristic types of lithology,
topography, structural geologic setting and weathering characteristics. Within each
province, however, considerable variability occurs with respect to each of these.




46

Transportation departments, on the whole, have tended to use reactive approaches to
management of rock slopes. Potential rock slope stability problems are identified and
remediated in response to rock fall maintenance problems or after a failure event (Moore,
1986). A proactive approach to managing rockfall problems, in which potentially hazardous
rock slopes are systematically identified, inventoried, prioritized and remediated, can lead to
more efficient and economical use of resources, as well as improved safety and increase public
confidence (Pierson et al. 1990). The need for a systematic way to prioritize rockfall potential
has led to the development of Rockfall Hazard Rating Systems (RHRS) (Pierson and Vickle
1990). The National Highways Institute published a Rockfall Hazard Rating System manual
under the auspices of the FHWA (NHI, 1993) Efforts to incorporate Information Technology
(IT) into rockfall risk management are underway in many other jurisdictions, including
Missouri (Mearz, 2005), Idaho (Miller, 2003), New Hampshire (Fish and Lane, 2002), New
York (Hadjin, 2002), and Washington (Ho & Norton, 1991), Utah (Pack & Boie, 2002), Idaho
(Miller, 2003), Australia (Ko Ko et al., 2004), Italy (Budetta, 2004) and Hong Kong (Dai et
al., 2002). These share the same fundamental elements as systems currently being developed
at the national level for the mitigation of natural disasters (Hooke, 2000), under the National
Mitigation Strategy (Hooke, 2000):

1. Hazard identification and risk assessment
2. Research application and technology transfer
3. Information and data access
4. Resources and incentives
5. Leadership and coordination
The National Strategy has an emphasis on the distribution and access of information

related to pre-event mitigation measures as well as best practices.

2.2 Tennessee’s Rockfall Management System

2.2-1 Project background
During 2001-2005, TDOT began to implement a Rockfall Management System

(TennRMS) for its 22,000 miles of State Routes and Interstate Highways. Development of
TennRMS and the initial rockfall risk inventory were carried out by researchers and graduate

students at the University of Tennessee and Virginia Tech, in collaboration with TDOT. The
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project was divided into two phases: Phase 1 was a two year study with the goals of
developing Rockfall Risk criteria (and rating system) for Tennessee, using the NHI (1993)
system as a base; this involved designing efficient electronic data collection techniques for
rockfall risk data; conducting a rockfall risk inventory in five counties; and integrating
TennRMS with a GIS and web-based application. Phase 2 involved finalizing TennRMS,
implementation of the rockfall risk inventory along U.S. routes, State Routes and Interstate
highways in the remaining counties of East and Middle Tennessee, development of the web-
based management system and training TDOT personnel in the use and maintenance of the
system. Data from Tennessee’s Phase 1 and Phase 2 risk inventories, including risk rating
data, digital photographs, rockfall project documentation, closure impact assessments,
geologic maps and field sketches, notes and comments were incorporated into the Rockfall
Management System (TennRMS), which combines this rich set of data together with new
techniques for field data collection, information management and distribution. The final
product is a comprehensive Rockfall Management System that provides an efficient and robust
means for managing rock slopes along Tennessee Highways, reducing risk to the public and

allowing TDOT to optimize usage of limited maintenance and remediation funds.

2.2-2 RMS Architecture
The traditional management of information related to rockfall has usually been in the

form of reports, maps, design plans, notes and photographs arranged in files. Files are stored
in filing cabinets and organized by some sort of indexing method to facilitate information
retrieval. Tacit knowledge related to projects is often held exclusively in the minds of
engineers and geologists. Lefchik & Beach (2005) point out the inherent shortcomings of such
systems (Figure 2-2). As transportation systems grow and management demands increase, the
required information grows in amount, scope and complexity. Paper filing systems of the past
cannot keep pace with modern business practices and there is an urgent need to adopt modern

methods for information management (Lefchik & Beach, 2005).
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Figure 2-2. Classical information stores and archives. (a, b, ¢) archival records; (c, d) interfaces;
(c, e) processing and analysis; (e) management with tacit knowledge store.

In recent years, databases and GIS have been adapted for the storage of information
related to rockfall risk (Fish & Lane, 2002) and other geotechnical information (Hopkins et al.,
2001, COSMOS, 2004). Use of information technology, however, does much more than
replace file cabinets with electronic media; it completely changes the way in which
information is used and viewed. Instead of having distinct entities, such as reports and maps,
IT stores data and uses program interfaces and applications to produce reports and maps.
Information, within this new paradigm, is likely to resemble an “interwoven fabric of objects
and processes in cyberspace” (Loudon, 2000). TennRMS takes advantage of this model, and
is built upon information system architecture that uses IT solutions for gathering, maintaining,
analyzing and distributing rockfall information throughout project life cycles.

TennRMS uses a centralized architecture that integrates PDA-based data collection
with intermediate databases that provide data to a central data store. The central data store

maintains all the information pertaining to rockfall sites, based on the rockfall risk inventory.
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The central rockfall data store is a source database for TDOT’s federated (distributed) data
warehouse. TennRMS can be accessed from anywhere within the TDOT Intranet, making it
available to TDOT geologists, engineers and managers (clients). Client access to rockfall
information is provided via a web-based customized GIS interface that can be used to produce
reports & maps, perform analyses, and compare rockfall data with other data layers (e.g.
geology, topography) maintained outside the TennRMS system (Figure 2-3).

Information Sources

Field data collection an
synchronization

QA

| | Field Laptop

TDOT Geo-Spatial

Warehouse

( Application Server A

Map & Database
Services

Intermediate

Database
I N \\]
Rockfall documents, Rockfall
reports, and photos Geo-referenced
Data store
., >

\—Information Management—~  “—Web-Based GIS Interface—

Figure 2-3. Basic TennRMS architecture. Information sources deliver data to the central
information management tier through the application server. The information management tier
gathers base layers from TDOT’s central data warehouse. Interaction with the central data store
and base layers is provided through a web-based interface via map and database services.

2.2-3 Existing data layers
TennRMS maintains all the information related to rockfall risks statewide. The GIS

group at TDOT engineering and planning headquarters maintains numerous data layers and
tools that can be used for analysis of rockfall risk. These layers are made available through the
production GIS data server that hosts all information related to the functional roads, state
routes and interstate highways in Tennessee and includes information on traffic, road

geometry, speed limits, accidents, pavement conditions, bridge, drainage, and signage
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inventories. Additional information not directly related to transportation routes includes
census data from the US Census Bureau, 1:250,000 surface geology layers obtained from the
USGS, political boundaries, TDOT facilities, and hydrographs. Terrain features are
represented using digital elevation models (DEM) obtained from the USGS, and scanned
topographic maps (DRG). These data layers can be mapped against rockfall risk data to

illuminate correlative factors.

2.2-4 Field data collection
The main focus of field data collection efforts was the evaluation of potential risk from

rock slopes along Tennessee state routes and interstate highways. Data collection was
conducted in three steps: (1) locating rock slopes, (2) assigning preliminary ratings and (3)
performing detailed ratings on selected slopes using the rockfall risk criteria and rating system
developed under this project.

Target rock slopes were located initially from the office by means of TDOT’s
Tennessee Roadway Information Management System (TRIMSweb). TRIMSweb is a web-
based client/server database application that simulates driving along state routes and interstate
highways. The system utilizes digital images taken every tenth of a mile along every
Tennessee state highway (Figure 2-4), viewed in sequence to provide a virtual drive-by.
TRIMS images are shot looking down the road with a wide-angle lens such that the entire
width of the right-of-way is visible. In addition, some routes utilized side-looking cameras that
captured images of road cuts with minimal distortion. Use of TRIMSweb allowed personnel to
locate rock slopes prior to going out in the field. Log miles of candidate rock slopes were
recorded directly from TRIMSweb, along with traffic and roadway geometry information. A
similar system was used by Maerz et al. (2005) for locating and rating rockfall hazards along
select sections of road in Missouri. Fieldwork then involved visiting each rock slope identified
with TRIMS, and assigning a preliminary rating of A, B or C based on the potential for rocks
to enter the roadway and present a hazard to motorists. Preliminary ratings were assigned

following NHI guidelines (NHI, 1993) according to the following criteria:
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A: moderate-to-high potential for rocks to reach roadway and/or high historical rockfall
activity.

B: low-to-moderate potential for rocks to reach roadway and/or moderate historical rockfall
activity.

C: negligible-to-low potential for rocks to reach roadway and/or low historical rockfall
activity.
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Figure 2-4. Web-based user interface and example screen shot of Tennessee Roadway
Information Management System (TRIMSweb). County, route number, direction and
mileage are displayed at the top. TRIMSweb was used to locate rock slopes from the office,
greatly reducing time spent in the field.
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Slopes receiving preliminary ratings of A are identified and scheduled to receive
detailed evaluation using measures listed in Table 1.

Table 2-1. Rock slope measures used in the detailed ratings

Slope height

Ditch effectiveness

Average vehicle risk (AVR)

Roadway width

Percent of decision site distance (%DSD)

Geologic characteristics:
Structural related failure modes: wedge, planar, and topple
Weathering failure modes: raveling and differential weathering

Block size/volume per event

Climate and presence of water on slope

Rockfall history

The Tennessee system was developed using the National Highway Institute’s RHRS
(NHI, 1993) as a base, but with certain modifications designed to provide more detailed,
informative and useful input regarding geologic characteristics, and to improve repeatability
and consistency among raters (Vandewater, 2005).

The rockfall risk data were collected on Personal Digital Assistants (PDA’s), by means
of customized input forms built using PenDragon Forms database software for the Palm™.
This software package allows data to be input directly into a database stored on a PDA. The
database on the PDA exactly mirrors the field database maintained on desktop workstations
and laptop computers used by field team leaders. PenDragon includes a desktop application
which was used to develop the PDA input forms shown in Figure 5. Each input form
represents a single field in the database for a particular rock slope record (Bellamy et al.,
2003). At the request of the Tennessee DOT, paper forms with input fields exactly matching
those of the PDA were also developed, allowing the rater to choose between digital (PDA) and
analog (paper) formats. The paper forms are also used as a training aid and serve as a backup
for possible equipment failure. From an IT perspective, paper forms are clearly inefficient; use
of paper forms requires that data subsequently be input manually into the database, presenting
an opportunity for transcription error and adding to the complexity of managing the

information.
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The data entry forms were developed to provide simple, rapid and consistent input
through the use of drop-down list boxes, check boxes, yes-no selections, and the automatic
acquisition of GPS coordinates from a GPS receiver attached the PDA. The PDA input also
automates some of the data entry by using logic programmed into the input forms; particular
input into one form will dictate the input or input options required for subsequent forms. For
example, selecting “wedge” as a failure mode brings up forms specifically related to that
mode. Program logic within the input forms also provides real-time error checking and
calculates the rating for each rock slope before leaving the site. Field calculation of the rating
provides another level of error checking by allowing field personnel to consider whether the
slope was rated correctly, based on the rater’s previous field experience (Bellamy et al., 2003;
Rose et al., 2001). The rockfall risk data (Table 1) are collected and stored in a database, along
with detailed location information, digital photographs and the field measurements used to
determine the rating values in Table 2-1.

Information recorded in the field using the PDA were synchronized with a local
Microsoft Access database. PenDragon’s desktop program includes tools that handle multiple
users, and automatically maintains the latest record sets to ensure that only the most recent
records are retained in the database. The RHRS information collected using PDA’s is
maintained in three database tables within PenDragon Forms (Bellamy et al., 2003). These
tables correspond to the main data input form and two sub-forms (Table 2-2).

Table 2-2. PDA input forms.

Form Name Description

Rockfall Risk Base Form The main form that stores location information along with
preliminary ratings, intermediate and total risk score.

Site & Roadway Sub-form that contains the details related to the rockcut and

Geometry Sub-Form roadway such as speed limit, average daily traffic, roadway
width, length of rockcut, rock slope height, and decision sign
distance.

Geologic Character Sub- Sub-form that contains the measures related to the structure-

Form related failure modes (wedge, planar, and topple) and

weathering failure modes: (raveling and differential
weathering)

2.2-5 Database integration
During field data collection, data pertaining to rockfall risk are collected on a PDA

(Figure 2-5) by one or more field crews. The data are synchronized daily with laptop
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computers maintained by each of the crews. When a crew returns to its office, rockfall risk
information is exported and transferred to a central Access database maintained by the
database administrator (DBA). The above procedure allows the data to be checked at different
stages by both field crew leaders and the DBA. The field team leader verifies the accuracy of

the data as it is collected in the field, and again each evening after it is downloaded from a
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Figure 2-5. Palm computer with example input forms. Selection of plane or wedge
(displayed on the PDA) results in successive activation of the forms (on right) used to
assess that mode of failure.

PDA. The DBA merges all records into the appropriate tables and ensures the integrity of the
data as it is transferred to the central Access database.

The central Access database maintains a direct active link to the Oracle rockfall
database via Oracle Migration Workbench (Oracle, 2005). The rockfall risk data in the Access
database is mirrored in tables within an Oracle database scheme. As data are added to the
Access database, the Oracle database is automatically updated. Each update event triggers a
custom script within Oracle that builds the spatial reference from the log mile location, using
dynamic segmentation (Kiel et al. 1999; Sutton and Wyman 2000). The geographic reference
is stored using the Oracle spatial object model as a linear feature along the road. Where
conditions allowed, GPS coordinates were also obtained for all sites and stored in the database

for comparison to locations derived from dynamic segmentation.
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Figure 2-6. Generalized entity relationship diagram for the Rockfall Risk database
(after Bateman, 2003). The main blocks correspond to the functional groups in Table
3. Relational links are between individual tables are depicted.
The rockfall risk database schema is made up of several tables and sub-tables that store
a variety of information related to rockcuts and rockfall risk (Figure 2-6). The tables and sub-
tables are grouped into functional groups (Table 2-3). The central rockfall database also
contains indexes and views (Greenwald et al., 2004) that provide more efficient access to
rockfall information. The views are PL/SQL statements that are stored in the database. When
executed, they present data from the base tables in the manner specified by the query
(Connolly and Begg, 2005). The views are used to present the data in a readable format or to
extract aggregated data for analysis.
The GIS provides a convenient interface for browsing RMS data. Users can view maps
at any scale or by region, district or county. The interface provides simple tools for honing in

on areas of interest by means of spatial or attribute selection, and allows the user to browse
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and edit the data to verify correctness. The rockfall information can also be mapped based on
any of the measures recorded in the field, or based on other layers such as geology. Thematic
maps of rockfall potential can be used to see which counties or state routes have the highest

incidence of rock slopes with high risk potential (Figure 2-7).
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Figure 2-7.Thematic map of east Tennessee contains TDOT Region 1 counties showing the
rockfall risk rating per mile of road and black dots are rockfall risk sites.

The GIS can be used to calculate the number of slopes rated above a certain level, per
mile of road within each county. Spatial analysis of the different layers viewed in the GIS can
be used to study correlations among hazardous slopes, geology, topography and other factors.
As data are added to TennRMS, additional data summaries and statistical operations can be
performed to deduce a variety of correlations between rockfall occurrence, risks, failure

modes, remediation costs & strategies and seasonal variations.
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Table 2-3. Rockfall risk database tables and functional groups.

Group Table Description
Name
Rockfall Risk Rockfall Base-table that stores location attribute information includes
Rating Risk road number, mile marker, and GPS coordinates. Contains all
the information used to develop the rockfall risk scores
Site & Sub-table that contains details related to the rockcut and
Roadway roadway such as speed limit, average daily traffic, roadway
Geometry  width, length of rock cut, rock slope height, and decision sign
distance.
Geologic Sub-table that contains the measures related to the structure-
Character  related failure modes (wedge, planar, and topple) and
weathering failure modes: (raveling and differential
weathering)
Geology Site Basic geologic information about specific rockfall sites. Sub
Geology tables for geologic formation and structural information
Tables
Historical Landslides  Historical landslide inventory information
Questionna  Questionnaire sent to all maintenance districts within TDOT,
ire during the late 1980’s and early 1990’s, requesting locations
of rockfall maintenance sites. This table contains the
responses to that questionnaire.
Document Documents Rockfall project reports are filed by TDOT based on the
Management & Picture  county in which the problem occurred. This Table contains
Locations  the physical location and/or electronic link of rockfall reports,
boring logs, and other documentation. Links to the digital
images taken during risk rating are stored in this table, along
with time stamps. In addition, locations of pictures that were
taken as part of the questionnaire effort can be found in this
table.
Impact Design Lookup table that provides cost of a design element,
Assessment Element specifications, units and comments about the elements used in
remediation and risk mitigation.
Cost Notes  Maintains notes taken in the field regarding possible repairs
and their costs.
Elements at Lookup list describes types and costs of TDOT assets at
Risk possible risk to rockfall
RCI Rockfall closure impact rating information (Bateman, 2004)
Design Contains information related to rockfall mitigation design &
Mitigation  cost.
Administrative ~ Personnel  List of names and contact information of all TDOT personnel
working on rockfall risk issues
TN List of Tennessee counties and their status within TennRMS

Counties
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2.2-6 Information Distribution & Analysis
The database is accessed via a web-based GIS interface that provides the user with the

ability to map, browse and analyze TennRMS data. TDOT policy restrictions prevent direct
edit access to the database via web-based applications. Therefore, TennRMS data is edited and
maintained with an Access database front end that mirrors the Oracle database. The Access
database is used as an operational data store for collecting, editing and maintaining rockfall
information. Access to the interface is limited to TDOT’s Local Area Network (LAN). Users
outside the LAN can gain access using a Virtual Private Network (VPN) administered by
TDOT. Users can access stored views or develop their own queries in a point-and-click
interface from within the web-based GIS. The rockfall location information can be mapped
with other spatial data layers from outside the RMS such as hydrography, physiography and
geology. RMS data is also made available to desktop GIS applications for more sophisticated

analysis via the central Oracle database.

2.3 Implementation of Rockfall Risk Management System

2.3-1 Tennessee’s Rockfall Risk Database
The need for a centralized rockfall risk database has been discussed by several

researchers (Bateman, 2002; Fish & Lane, 2002; Lefchik & Beach, 2005). The main goal of a
rockfall risk database is to maintain a single location where all information related to rockfall
issues along state routes can be viewed, updated, edited, and analyzed. Tennessee’s rockfall
risk database was originally developed as an Access database stored on TDOT’s Geotechnical
& Materials Department’s network drive (Bateman, 2002). The database was designed to
house all the information related to rockfall along the state routes and interstate highways in
Tennessee, with initial input of data from a series of questionnaires sent out to maintenance
district offices, requesting information on rockfall problems. As the questionnaires were
compiled, additional information from selected rockfall sites was added to the database. This
initial stand-alone database included information about rockfall locations, hazard rating, site
geology, questionnaires, photographs, and project reports & documentation (Bateman, 2002).
A customized rockfall hazard rating system was employed to develop an initial inventory,
assessment and prioritization of rockfalls along Tennessee highways.
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The initial Access database (Bateman, 2002) was subsequently broadened in several
fundamental ways. It was migrated to a central Oracle 10g database (Greenwald et al. 2004)
that maintains the same basic structure as the original, with some improvements. The Oracle
database, however, has a higher level of manageability and can be more easily integrated with
TDOT’s central information system, which has been implemented as a federated warehouse
(Jarke, 2003). The rockfall database is structured as an operational data store to assist
geotechnical and geologic engineers working on rockfall issues and to provide valuable
information to planners. The database is stored on a development server instead of a network
drive, improving availability and eliminating issues related to multi-user concurrence.

All records are now geographically referenced, allowing them to be mapped within
GIS and analyzed against other data layers. The coordinates of each rockfall risk location have
been projected and stored in the Tennessee State Plane (feet) coordinate system using the
North American Datum of 1983. Geographic location is also stored as log miles within
Tennessee’s linear referencing system (Chrisman; 2001).

The database has been expanded to include all statewide records related to rockfall
risks and landslides. This provides one location for all information to be maintained,
regardless of administrative region within TDOT. Rockfall risk information is made accessible

to all TDOT personnel, providing a means for knowledge transfer across regions and domains.

2.3-2 TennRMS Integration
The rockfall risk data gathered during the inventory phase of the TennRMS can be

divided into two categories: attribute and location information. The attribute data comprises
preliminary ratings and all the information collected at each rock cut (including digital
photographs) that was used to compute the detailed risk rating. The location information was
recorded as a log mile reference for each site. In addition, the latitude and longitude were
recorded using a PDA-GPS receiver. GPS coordinates were not collected at every site because
of inadequate line of site with the satellite system due to narrow valleys and overcast days, as
well as equipment limitations with the PDA GPS receivers used on the project. The log mile
referencing is the basis for integrating rockfall risk data with other TDOT data layers; all data
layers maintained by TDOT that are directly related to the road network are implemented
using a linear referencing system (LRS) which represents locations along the road network

based on the log mile location.
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Log mile references for each site were used to obtain location coordinates via the GIS
interface by means of a customized script. The script reads the log mile location information
for each record in the database, finds that point along the state route network layer within the
GIS, and then records the coordinates in the database table. The point locations of each rated
rock cut were located along a linearly referenced network identical to the one used in
TRIMSweb. Coordinates for each site were recorded in the database table as latitude,
longitude (decimal degrees) and east, north (feet) so that the points may be mapped in either
geographic or projected (state plane) systems.

For the initial inventory of rockfall risk sites, additional spatial information and meta-
data tables were added to the database in order to map rock cut locations within GeoMedia
(Intergraph). Access databases that contain the necessary tables for mapping as layers in
GeoMedia are known as Access warehouses. GeoMedia serves as the initial development
application for the spatial layers prior to deployment to Oracle. The Access warehouse was
exported from GeoMedia to Oracle Object model (Intergraph, 2004).

With the initial deployment of the database into Oracle, the information in the
TennRMS can be modified and new records added within the GeoMedia Professional 5.1 GIS
interface, as long as the user has the proper rights to connect to the Oracle warehouse with
read/write permission. The mapping capabilities available within GeoMedia have been
replicated in the web-based GIS developed in GeoMedia WebMap Professional. Advanced
querying of the database will be performed via a customized web-based interface, within the
TDOT intranet.

2.3-3 User Interface
The main interface for day-to-day interaction with the database is the web-based GIS

(Figure 2-8). The primary users for the GIS will be TDOT engineers and geologists from the
Materials and Test Division at TDOT. The interface has all the standard tools for interacting
with mapped data, such as zoom, pan and selection tools. There are also tabbed query tools for
retrieving record sets from the database. The queries present data in an easily readable format
and provide links to additional information such as digital photographs, rockfall project
reports, and site geology.
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A GeoMedia WebMap Publisher 5.2 Demo - Microsoft Internet Explorer
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Figure 2-8. Web-based GIS interface for TennRMS. Standard tools such as pan, zoom,
select, measure and identify are provided in the tool bar at the top, along with a query
builder. On the right is an interactive legend for thematic mapping.

The interface used for updating and adding new data does not include direct mapping
capabilities. Mapping is performed by uploading geographically referenced data to the
database. An automated procedure converts the coordinates or linear reference in the uploaded
records to the Spatial Data Object (SDO) geometry for mapping. The web-based forms for
interacting with data are similar to standard database input/browsing forms and provide similar
functionality, depending on the type of user. Users can query the database based on a variety
of fields to select information they need, such as a list of rockfall risk sites in a specific
county. Query results can also be exported from the web-based interface into Excel
spreadsheets for additional analysis. The user may also use queries to retrieve records that
need to be updated. Updates do not overwrite previous records; instead they are stored using a
time stamp in order to provide the ability to track rockfall projects over time. The system is

implemented such that only the database administrator can overwrite existing records. Editing
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that requires overwriting records will only be needed for corrections, and the various levels of
data QA/QC should keep overwrites to a bare minimum.

Some data, such as the rockfall risk ratings, are typically added to the database in
groups, rather than one record at a time. Grouped data can easily be uploaded to the Oracle
database through Open Database Connectivity (ODBC) operations using SQL Loader
(Greenwald et al., 2004). Thus, a direct link between the Access database and Oracle can be
made across the intranet. Additional data to be collected in the future, using PDA’s, includes
detailed geologic information, more detailed site surveys, and road closure impact information
(Bateman, 2004).

2.3-4 Analytical tools
Currently the majority of analytical tools found within the database are associated with

the risk ratings. Customized views have been developed to provide reports of the risk rating
scores aggregated by county or by state route. It is instructive to compare summary rockfall
risk rating values across the state, as has been done for rockfall risk rating per mile of road
within each county. The Rockfall Risk rating score per mile of road is obtained for each
county by summing the risk ratings per-county and dividing by the total length of road within
each county (Figure 7). Normalizing by total length of road within each county provides a
summary measure of risk by county across the state. This type of summary tends to give
higher ratings-per-mile for smaller counties with less road length, but a few rockcuts with high
ratings. Counties with high ratings-per-mile should be further evaluated to explore the reasons
for the high rating.

There are several other analytical capabilities provided within Oracle’s implementation
of SQL. Numerous statistical functions and statistical tests are available for analyzing
numerical records grouped by a constraint. These types of functions are known as aggregation
functions in SQL because they reduce data based on a grouping constraint and mathematical
function (Powell and McCullough-Dieter, 2005). There are also sophisticated methods for
grouping the data. For example, the number of rockfall risk sites and their average scores can
be aggregated across all possible combinations of counties and physiographies. This type of
grouping is performed within the database using a “CUBE” function, which generates a cross
tabulation of the aggregated data for all possible combinations (Powell and McCullough-
Dieter, 2005; Jarke, 2003).
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2.3-5 Web-based GIS
The TennRMS information is made available to TDOT engineers and geologists

through a web-based GIS. This system is currently being developed using Intergraph’s
GeoMedia WebMap Professional 5.2 (GWP) on a Windows 2003 server running Microsoft’s
Internet Information Server (11S) software. The web-based interface was developed using
HTML, Java script and VBScript. The use of Java script and VBScript to access MapServer
objects within Active Server Pages (ASP) provides a robust GIS application with all the
necessary functionality of desktop GIS packages, but without their expense (Anselin et al.
2004; Chang and Park 2004). The web-based application allows the user to view rock slope
records along with thematic maps, digital photographs, and other layers such as topography,
geology and transportation. The system also provides links to all electronic documentation
related to a particular rock slope, such as geologic reports, rockfall maintenance records,
memoranda, field reports, contract information, and remediation design files. All information
about a rock slope can then be located and viewed from within one convenient interface
(Figure 8).

2.3-6 Thematic Mapping
The GIS allows the user to browse and edit the data. The rockfall risk information can

also be mapped based on any of the measures recorded in the field. Thematic maps, such as

that shown in Figure 2-9, where the rockfall risk total scores are divided into ranges (larger
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Figure 2-9. Example thematic map in which the Rockfall Risk total scores are divided into
ranges, where larger dots indicate higher hazard ratings. Thematic maps and other queries
may be produced for any of the attributes recorded in the database.
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and darker dots indicate higher hazard ratings), are a convenient means to review the hazard
ratings within a particular county. Thematic maps can also be used to identify counties or state
routes with the greatest incidence of rock slopes with high hazard potential. For example, the
GIS can be used to determine the number of slopes rated above a certain level per mile of road
by county. County rockfall risk score per mile can be shown in a simple statewide map (Figure
2-7). Spatial analysis of the different layers viewed in the GIS can also be used to study

correlations between hazardous slopes, geology, and topography.

2.3-7 Distributing TennRMS
A key part of the TennRMS is distributed access of information related to rockfall risk.

In addition to the rockfall risk rating data, other information that is stored in the database has
been made available to personnel in regional offices throughout Tennessee. Site geology,
documentation, digital photographs and questionnaires information may are made available
via web-based interfaces for linking documents with rockfall inventory records. Questionnaire
for completed by maintenance personnel can be uploaded in batch form as with the rockfall
rating data. Additionally there is a web-based questionnaire that will eventually replace the
paper forms for collecting information about small-scale rockfalls that typically have not been
recorded in the past. Currently TDOT does not provide intranet access to all its district
maintenance offices, making the collection of rockfall maintenance information cumbersome.
Overall, TDOT has a very sophisticated enterprise database system (Jarke, 2003). This
system has been implemented as a federated data warehouse where all the data are logically
consolidated but physically distributed among various data stores. Each of TDOT’s regions
have specialized operational data stores that are implemented at divisional, departmental and
office levels. The various data stores refresh the warehouse at specified time scales depending
on the sensitivity of the data. The rockfall risk database functions as an operational data store.
Not all data stores at the office and departmental levels are at present incorporated into the

central warehouse. TDOT, however, is moving toward full integration.

2.4 Knowledge Management
The various implementations of hazard rating systems use databases to manage hazard

rating, location, remediation plans, and cost estimate information. In addition, some

transportation departments have incorporated their RHRS database into a geographic
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information system (or GIS) (Fish & Lane, 2002; Hadjin, 2002; Hopkins et al., 2001, Rose et
al., 2001). These rockfall databases have been designed for the primary purpose of data
storage and report generation. The reports are typically for individual sites and do not provide
any analysis. GIS has been used as an interface for basic mapping. Such systems do not take
advantage of analytical tools or aggregation functions that can be developed to investigate
system wide relationships among rockfall hazards and remediation projects. In addition, these
systems have been designed for use at the geotechnical department or office levels and fail to
describe and capitalize on how they fit into a transportation department’s overall management
framework. The methods used to maintain rockfall related information have not been
developed to harvest knowledge as an asset within the management system (Michaels, 2005).
Rockfall hazard rating systems have not taken advantage of recent developments in knowledge
management (KM) and knowledge discovery from databases (KDD) (Liao 2003).

A key part of the TennRMS is knowledge management (KM) which is facilitated
within the database by maintaining all the information related to rockfall projects. TennRMS
has been designed based on concepts found in knowledge management systems in order to
provide TDOT personnel with useful tools for making complicated decisions about rockfall
remediation projects, and to develop institutional memory related to rockfall risk (Rollett,
2003; Cambridge Systematics, 2004).

The principles of KM employed in the TennRMS are focused on knowledge transfer
and knowledge harvesting. The details associated with projects and design, are no longer
geographically isolated. All regional offices have the same access to information in the
database and can review project documentation from different offices. TDOT personnel are
encouraged to collaborate and discuss different projects and experiences to harvest and
transfer tacit knowledge from the more experienced engineers and geologist to junior
personnel. Evaluation of documentation and projects within the database provides a means to
develop corporate memory related to the quality of remediation projects and to adapt best
practices. Knowledge will be applied to improve the methods used to evaluate, manage and
mitigate rockfall risk as KM facilitates the development of non-volatile institutional memory

(Dalkir, 2005) with IT serving as the central nervous system of knowledge management.
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Figure 2-10. TennRMS conceptual framework. The
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The conceptual framework
of the TennRMS (Figure 2-10)
contains three basic parts: rockfall
database, decision analysis and
project execution. The system
receives supplemental input from
periodic review of potential rockfall
sites and TDOT budgeting &
planning. The TennRMS database
contains the asset inventory and
assessment in the form of the
rockfall risk ratings. Information
related to rockfall projects, such as
type of remediation, costs, design
reports, contracts, and remediation
effectiveness, are all maintained in
the database. Rockfall history and
maintenance activities related to
rockfall are also recorded in the
database. All this information is
used as input to the decision
analysis component of the RMS.
Decision analysis incorporates
information related to hazard, risk,
cost and available funds to

determine remediation options for

sites with significant risk due to rockfall. All decisions and associated reasoning are to be

recorded in the database for future re-evaluation and to contribute to corporate memory. The

decision of “No Action” indicates that a site is considered to have significantly low risk or

there are no funds available to perform remediation activities at the time. Periodic review of

rockfall sites and remediation projects will be incorporated into the system to coordinate risk
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reduction and budgetary cycles over the life of the system. Project execution may consist of
remediation projects, hazard/risk mitigation, or monitoring. All the information related to

these types of projects will be recorded in the database.

2.5 Conclusions
Through the pervasive use of information technology TennRMS integrates a

customized system for rating rockfall risk, a web-based GIS application, and a centralized
database to provide a robust single interface for managing and interacting with knowledge
related to rock slopes. The system should prove to be a valuable tool for the proactive
management of rock slopes. The most important use of the system will be to identify and
prioritize rock slopes with the greatest potential for rockfall in order to provide decision
makers with all the necessary information for planning remediation efforts. Over time, the
TennRMS will also be used to track costs & effectiveness of different remediation methods

and develop institutional memory related to rockfall issues.
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3. Spatial Analysis of Rockfall Hazards

Abstract
Spatial analysis of hazard rating data collected along Tennessee roadways during full-

scale deployment of Tennessee’s Rockfall Management System is described. The spatial
analysis model is used to characterize relationships among rockfall risk, geology, climate,
physiography and road geometry. The study is the first to apply spatial analysis techniques to
rockfall risk assessment on a statewide scale. Relationships developed from logistics
regression and cluster analysis are used to develop a predictive tool for locating sections of
road that have relatively high potential for rocks to enter the roadway. This predictive
capability will prove useful to agencies seeking to optimize use of limited funds for

assessment and mitigation of rockfall risk along transportation corridors.

For submission to:

o Computers & Geosciences
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3.1 Introduction
Rockfall risk management, as conducted by transportation departments, has

historically been reactive rather than proactive. Over the past decade, however, there has been
a move towards more proactive philosophies based on recognition of risk and, where
appropriate, intervention (Hooke, 2000). A vital part of such management schemes is
development of a rockfall database that allows systematic identification and prioritization of
rock slopes for remediation and/or monitoring. The broad range of geological (and other)
conditions that influence rockfall hazards, however, makes efficient management of rock
slopes an administrative and organizational challenge (Figure 3-1). This paper describes a
system for prioritization of rock slopes for remediation based on rockfall risk that has recently
been designed and implemented for the Tennessee Department of Transportation, and presents
a spatial analysis of rockfall risk inventory data that was collected initial during
implementation.

Tennessee has a large number of potentially unstable rock slopes along highways, of
various lithologies, discontinuity geometries, weathering characteristics, topographic profiles,
and geologic structure (Figure 3-1). In Tennessee, such failures are most prevalent in the
Valley and Ridge and the Blue Ridge physiographic provinces (Moore, 1986). Potential risk to
the public presented by unstable rock slopes depend additionally on such factors as slope

height, roadway width, design of catchment, average vehicle speed, line of sight and number

Blue Riclge

Figure 3-1. Tennessee physiographic provinces (differentiated by shade) and Department of
Transportation administrative regions (separated by thick black lines). Boundaries of
Tennessee’s 96 counties are also indicated. Note that every administrative region overlaps
portions of at least two of the physiographic provinces, each of which has unique
geological characteristics.
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of vehicles per day (NHI, 1993). Rock slope failures in Tennessee occur by all the classic
failure modes (Goodman, 1988), including planar slides, topples, wedge failures, differential
weathering, and raveling. Such failures can require expensive remediation and on occasion
have resulted in serious injury to motorists (Moore, 1986).

Transportation departments and similar agencies worldwide are tasked with providing
safe, reliable transportation routes for public use. Costs to maintain transportation
infrastructure can make up significant portions of State and Federal expenditures (State of
Tennessee, 2005; Office of Management & Budget, 2005; SAFTEA-S.1072, 2003).
Allocations for dealing with rockfall hazards, however, are invariably limited. Efficient
management of rock slopes is an important part of maintaining service and minimizing risk to
the public along transportation routes, and the costs for doing so are non-negotiable. In 1992,
for example, the average annual cost for landslide mitigation (including rockfall) in the State
of Tennessee was one million dollars per project, for a total of fifteen active projects
(Walkenshaw, 1992). Several states in and adjacent to the Southern Appalachian region

(Figure 3-2) had significantly higher average annual costs for landslide repair.

Annual landslide remediation costs
for neighboring states

North Carolina 3.00

Kentucky 2.01

Alabama 1.76

West Virginia 1.29

Tennessee 1.00

South Carolina 0.32

Georgia :| 0.10

in Millions 1990 USD

Figure 3-2. Average annual cost of landslide repair in states
geographically close to Tennessee (from Walkenshaw, 1992).
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The unpredictability of rockfall failures can make planning for mitigation and
remediation expenditures quite difficult. Most transportation departments have in the past
adopted a reactive stance to remediation, in which rock slope stability problems are identified
and repaired in response to ongoing maintenance problems or after a failure event (Moore,
1986). A proactive rockfall management strategy, in which potentially hazardous rock slopes
are systematically identified, inventoried, prioritized and remediated, can lead to a more
efficient and economical use of resources, while improving safety and increasing public
confidence (Pierson et al, 1990). Efforts to systemize and prioritize rockfall potential have led
to the development of Rockfall Hazard Rating Systems (RHRS)(Pierson et al, 1993; NHI,
1993) and to the emergence of a proactive rockfall management paradigm. During the mid-
1980’s the Federal Highways Administration mandated that all states develop and implement

proactive systems for prioritizing and managing rockfalls along highways.

3.2 Rockfall Management System

3.2-1 Project description
Tennessee DOT has recently implemented a Rockfall Management System

(TennRMS) for its 22,000 miles of State Routes and Interstate Highways. Development and
implementation of the system, and the creation of a state-wide rock slope inventory, was
carried out by faculty and students from the University of Tennessee and Virginia Tech, in
collaboration with TDOT. The overall task was divided into two phases: Phase 1 was a two-
year pilot study of rock slopes in five counties that covered diverse physiographic provinces
(Figure 3-1), and developed electronic data collection techniques for rockfall risk information.
Data collection procedures and the initial rockfall risk data were incorporated into the
TennRMS. The initial five counties in Phase 1 were selected to represent the different
physiographic regions found in Tennessee. Phase 2 involved fully integrating the RMS with a
GIS, implementing the electronic data collection procedures along U.S. routes, State Routes
and Interstate highways in the remaining counties of East and Middle Tennessee, and training
TDOT personnel in the use and maintenance of the RMS.

The rockfall risk criteria and measures are adapted from the National Highway
Institutes’s Rockfall Hazard Rating System (NHI, 1993). Some changes were made from NHI
(1993), however, primarily to capture geologic controls more effectively (Vandewater et al.,

2005). TennRMS combines risk ratings together with new techniques for field data collection,
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information management and distribution. The final product is a comprehensive Rockfall
Management System (RMS), designed as an efficient and robust tool for investigating rockfall
and prioritizing maintenance and remediation and of rock slopes along Tennessee Highways in

an asset management framework.

3.2-2 Rockfall risk rating system
Tennessee’s rockfall risk evaluation procedures begins by grouping rock slopes based

on potential for rock to enter the roadway using a preliminary rating of A, B or C. Here A
indicates high-to-moderate potential and requires a detailed rating to be performed; B indicates
moderate-to-low potential and C indicates low-to-negligible potential for rocks to enter the
roadway. Rock cut locations were identified along the TDOT road network using a web-based
GIS application known as TRIMSweb (Tennessee Roadway Information Management
System) which allows the user to query road network databases, generate simple maps and
view digital images taken every tenth of a mile along all of Tennessee highways (Figure 3-3).

This system proved invaluable in locating rock slopes prior to going out in the field. Rock

/2 TRIMS*Weh - Microsoft Internet Explorer provided by The State of Tennessee . o [m] |
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Figure 3-3. Screen capture of TRIMSweb. The front and side view are shown
simultaneously. A rock slope is visible on the right.
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slopes were visually identified using TRIMSweb and their log mile locations recorded.
Traffic, speed limit and roadway geometry information was also obtained from TRIMSweb
for use in the detailed rating of A slopes. TRIMSweb serves as the enterprise-wide interface
for all data layers maintained in the TDOT geo-spatial data warehouse. All geo-spatial data
that are tied to the road network, such as pavement conditions, section geometry and traffic,
are stored within the TDOT geo-spatial data warehouse using linear referencing (log-miles).
The second procedure in the rockfall risk inventory was to conduct detailed ratings of
all slopes that received a preliminary rating of A. Rock slope information used in Tennessee’s

rockfall risk inventory can be divided into two logical categories (Table 3-1).

Table 3-1. Detailed rating criteria

Site and Roadway Slope height
Geometry Ditch effectiveness

Average Vehicle Risk (AVR)
Roadway width

Percent of Decision Site Distance (%DSD)

Geologic characteristics  Structure related failure modes: wedge, planar, and topple
Weathering failure modes: raveling and differential weathering
Block size/volume per event
Climate and presence of water on slope
Rockfall history

The above factors and criteria are assigned scores that increase exponentially with
increasing potential risk (NHI, 1993), and the individual scores are then summed to yield a
final overall rating. A higher rating implies greater risk potential. Criteria such as slope height,
AVR, road width, decision sight distance, and traffic volume are objective measures that in
principle can be measured. Ditch effectiveness and the geologic character cannot be easily
measured and are based on a more subjective evaluation (Vandewater, 2002).

The geologic character measures used in Tennessee’s risk assessment system were
altered from those of the NHI (1993) RHRS in order to capture significant information about
all potential failure modes, and to provide the ability to score multiple modes without inflating
the geologic character score. The NHI (1993) system and others based on it (Pierson, 1992;
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Fish & Lane, 2002; Hadjin, 2002; Ho & Norton, 1991), in contrast, allow scoring of only what

is believed to be the most critical failure mechanism, with the consequence that valuable

information about other relevant failure modes at a site is omitted from rockfall hazard

inventories. Rockfall risk score aggregated by TDOT administrative region and by

physiographic province are shown in Table 2. The Blue Ridge has the highest average (raw)

risk score, followed by the Valley & Ridge. As might be expected, Regions 1 & 2 which are

predominately in these provinces, have higher raw scores then other TDOT regions (Table 3-

2).
Table 3-2. Rockfall risk scores aggregated by (a) TDOT administrative region; and (b) physiographic
province.
Avg. Avg.
(2) Region "A" Rated | "B" Rated Total Cuts| S&RW | Geology | Avg. risk
Cuts Cuts % "A" % "B" Rated Score Score Score
| 581 637 48% 52% 1218 192.3 103.5 295.8
1l 278 154 64% 36% 432 196.2 148.7 344.9
11 90 194 32% 68% 284 181.6 96.1 277.7
v 2 1 67% 33% 3 142.0 69.0 211.0
Total 951 986 49% 51% 1,937 192.3 115.9 308.2
Avg. Avg.
(b) Province [ "A" Rated | "B" Rated Total Cuts| S&RW | Geology | Avg. risk
Cuts Cuts % "A" % "B" Rated Score Score Score
Blue Ridge 333 232 34% 24% 565 209.2 117.0 326.1
Cumberland Plateau 205 165 21% 17% 370 168.2 111.1 279.3
Highland Rim 96 113 10% 12% 209 177.5 115.6 293.1
Nashville Basin 111 133 11% 14% 244 180.1 120.7 300.7
Sequatchie Valley 3 6 0.3% 1% 9 177.3 100.3 277.7
Valley and Ridge 222 324 23% 33% 546 185.5 107.2 292.7
Total 970 973 100% 100% 1,943 192.3 115.9 308.2

Rock slope failure modes are divided into two categories; structural or weathering-

related VVandewater et al., 2005). Structural failure modes are categorized as plane, wedge and

toppling following conventional procedures (Hoek and Bray, 1981). Plane and wedge failure

modes are evaluated at a given site based on block size, abundance, steepness and friction.

Toppling is assessed using block size, relief and abundance, as steepness and friction have less

direct impact on this mode of failure. Weathering failures are categorized as either differential

weathering or raveling. Differential weathering is scored based on block size, abundance and

relief. Raveling is evaluated in much the same way with exception that block shape is scored
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instead of relief. As one would expect, rounder blocks receive higher risk scores. Examples of
the geologic failure modes observed in Tennessee are provided in Figure 3-4.

The geologic character score is the sum of the scores for any appropriate combination
of the relevant failure modes, up to a maximum of 300. The cap of 300 on the overall geology
score is used to maintain a balance between geologic character and site and roadway geometry
factors, and to maintain rough consistency with the NHI (1993) system via a comparable range
of overall risk score.

Statewide, 951 “A” rated cuts and 986 “B” rated cuts were identified. Region | has the
greatest number of “A” and “B” rated cuts of any region (581), but Region Il has a greater
ratio of “A” to “B” cuts. Of the 951 “A” rated cuts, the average score is 308 with a minimum
of 113 and a maximum of 792. Twenty-five percent of these cuts score 350 points or higher
and only twelve percent score 400 or higher. The statewide distributions of risk ratings for

overall score, site and roadway geometry and geologic character are provided in Figure 3-5.
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Figure 3-4. Examples of geologic failure modes observed in Tennessee. (a) Planar Rockfall
Mode: Polk County SR040, mile 14.0 left; (b) Wedge Rockfall Mode: Carter County SR-37,
mile 14.1 right; (c)Toppling and Differential Weathering Rockfall Modes: Sequatchie County
SR008, mile 21.2 right; (d) Topple and Raveling Rockfall Modes: Jackson County SR135,
mile 15.5 left; (e) Differential Weathering and Raveling Rockfall Modes: Cheatham County
SR070, mile 4.6 left; (f) Differential Weathering and Toppling Rockfall Modes: Davidson
County SR001, mile 2.4 left
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Figure 3-5. Distribution of rockfall risk scores. (a) Statewide Overall Score Distribution; (b)
Statewide Site & Roadway Geometry Score Distribution (c) Statewide Geologic Character
Score Distribution; (d) Statewide Rockfall Mode Distribution.

3.2-3 Data gathering and management
Information used to develop risk ratings for rock slopes is collected in the field using

Personal Digital Assistants (PDA’s). Field personnel interact directly with the database on a
PDA via a customized input form built using PenDragon Forms database software. This
software package allows data to be input directly into a database stored on the PDA, which
mirrors the rockfall hazard rating data table maintained on the Rockfall database server. The
database server can be either a desktop workstation or network server. PenDragon includes a
desktop application, which was used to develop the PDA input forms and to manage multiple

inputs from users (Bellamy et al, 2003).
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The Rockfall Database stores risk ratings, along with detailed location information,
digital photographs and the measurements used to determine the rating collectively this
information is referred to as the Rockfall Risk data. All the information can be easily assessed
via a browser from a web-based GIS interface designed to interact with the database. Hazard
rating information can be obtained by querying the database for any criteria. For example, a
report on all rockcuts having high scores for the plane failure mode can be generated from one
query operation.

The information in the database can also be displayed using thematic mapping within
the web-based GIS. Rated slopes within a particular county can be thematically mapped based
on the total score (Figure 3-6). Summaries showing relationships between the rockfall

database and the road network database can be made in order to calculate measures such as

Risk Rating 0 1 2 4
Score [ | || 1km
O B
® 1-249 N

@ 250-295 )
@ 296-353 b

SRO36

Unicot

Figure 3-6. Thematic map showing locations of hazardous rockcuts in a portion of Unicoi
County, Tennessee. Larger dots indicate higher risk ratings.

hazard rating per mile within a county, or along a particular state route. Measures such as
these can then be used at management level to help determine fiscal allocations for
maintenance and remediation of rock slopes throughout the state, based, for example, on the
routes with the highest risk ratings or the highest per-mile risk rating (Figure 3-7).
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3.2-4 System Integration
Tennessee’s Rockfall Management System is composed of three basic parts: (1) a

rockfall risk rating system, (2) rockfall risk database, and (3) customized web-based GIS
interface. The risk rating system scores the rockcut in order to allow prioritization of
maintenance and remediation measures for potential rockfall sites. All the information used in
the rating system is stored and maintained in the rockfall risk database, which also contains
location information and digital photographs. The GIS serves as the integrating platform for
the TennRMS by bringing together the rockfall risk assessments, other database layers and
thematic mapping capabilities into a single, robust, user-friendly interface.

The web-based GIS is used to interact with the rockfall risk database in a user friendly
graphic environment. The interface is built on a web-based application framework that most
TDOT personnel are familiar with. Rock cut information can be viewed within interactive
thematic maps instead of cumbersome database tables. For most purposes, web-based GIS
analysis and task management are easier to learn for inexperienced users than ordinary
database tools such as SQL*Plus, Access, and Oracle Enterprise Manager.

The system also provides a means for linking to all electronic documentation related to
a particular rock slope. Such documentation could include geologic reports, rockfall
maintenance records, memoranda, field reports, lab & field test reports, digital photographs,
contract information, and remediation design files. All information about a rock slope can be

located, viewed, printed and shared via the Internet from within one convenient interface.
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Figure 3-7. (a) Top ten counties based on rockfall risk score per mile, (b) top ten
routes based on risk score per mile.
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3.3 Spatial Analysis

Spatial analysis of rockfall, landslides and other geologic hazards has historically been
conducted to develop areal hazard maps that can be used to manage current and future
development and civil infrastructure. Hazard mapping is based on the idea that surface and
environmental factors that coincide with known locations of hazards may be used as a
predictive tool to locate areas of potential hazard (Varnes, 1984; Einstein, 1997; Duarte &
Marquinez, 2002). A variety of techniques have been employed to analyze the coincidence of
landslides and surface, geologic and environmental features. Most methods used in geologic
hazards research, beginning in the 1980’s, have employed Geographic Information Systems
(GIS) as their mapping and analysis environment (Chau et al., 2004).

Developing an inventory of rock cut locations can require great expense in man-hours
and survey-miles. Of the states that have implemented some form of rockfall management
system that utilize GIS, none have demonstrated how GIS and spatial analysis can be used to
locate priority sections of highway for rockfall hazard assessment. Spatial analysis can provide
transportation agencies the ability to conduct more targeted field surveys directed at
developing rockfall hazard inventories, making efficient use of time and personnel. In
addition, the development and application of spatial analysis should provide a better
understanding of relationships between regional physiography, geology, terrain, climate, road
alignment and rockfall risk studied during the TennRMS Project.

3.3-1 GIS and Rockfalls
GIS has seen wide use for the production of landslide hazard maps (Chau et. al., 2004)

the use of various forms of spatial analysis to assess potential hazards related to landslides and
rockfalls has been studied for many years (Soeters & Van Westen, 1996). Spatial analysis
applied to hazard zonation has become a useful tool for land managers and civil planners. GIS-
based spatial analysis for landslide and rockfall hazard mapping has typically been performed
on areas no larger then an average county in the U.S., approximately 1200-km2 (450 square
miles). These analyses have in large part been concerned with the prediction of large-scale
landslides or with assessing landslide hazard potential (Varnes, 1984). These applications are
typically based on comparing terrain, geologic, and environmental features with the locations
of historic landslides (Varnes, 1984; Duarte & Marquinez, 2002) to develop correlations that

can be used to map areas that have potential for future landslides. Hazard mapping seldom
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incorporates direct measures related to the potential risk posed by man-made slopes such as
rock cuts along highways.

Spatial analysis using tools provided in ArcGIS 9.0 (ESRI) was used to explore
relationships among surface topography, road alignment characteristics, climatic conditions
and the underlying geology, for 78 counties in Tennessee comprising over 85,000-km?
(33,000-miles?). The surface topography was represented using a terrain model made up of
raster GIS layers comprised of surface elevation, slope inclination and slope orientation (or
aspect). Spatial analysis of these terrain models was used to help predict locations of
moderate-to-high potential rockfall sites that warrant risk assessment. A diagram depicting the

conceptual model for the spatial analysis is provided in Figure 3-8.

Climate

Road network

Simuosity model
Locations of rock cuts
Topography (DEM)
Slope

Aspect (orientation)

Geology

1
Possible locations of
@ rockcut that may
require rating

Figure 3-8. Conceptual spatial analysis model of rockfall risk

3.3-2 Model development & analysis
Surface topography was represented in the analysis by 30-meter Digital Elevation

Models (DEM); obtained for the entire state of Tennessee from the Seamless Data Distribution
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System maintained by the National Center for Earth Resources Observation and Science
(USGS, 2005). DEMs are raster GIS layers where the elevation is represented as pixels
covering a specified rectangular area at a chosen scale. The statewide elevation layer was
clipped from the National Elevation Dataset and the DEMs were downloaded from the USGS
website as approximately 100-km x 100-km sections covering the entire state. Digital
Elevation Models (DEM) were used to develop the statewide terrain model of Tennessee using
a seamless dataset projected in geographic coordinated system. This model had a raster
resolution of 30-by-30-meter squares mapped at a 1:24,000 scale with spatial accuracy equal
to USGS 7.5-minute quadrangle maps. The elevation sections were formed into one
contiguous layer using the mosaic function available in ArcGIS 3-D Analyst (ESRI, 2004).
The slope (inclination) and aspect (slope orientation) were derived from the statewide
elevation layer using functions provided in ArcGIS 9.0 (ESRI) Spatial Analyst.

The surface geology layer of Tennessee was obtained from the USGS (2000). This
digital layer was made by the USGS from the printed 1:250,000 scale geology map originally
developed by the Tennessee Department of Environment and Conservation, Division of
Geology and allows the surface geology to be mapped by geologic unit or geologic age. The
focus of this analysis is on rock cut sites along roads and therefore the geology layer was
converted from polygons to events along the linearly referenced road network (Chrisman,
2001), providing length of road coinciding with geologic unit. Geology represented in this
manner allowed the comparison of the length of road crossing each geologic unit with the risk
ratings within each geologic unit. Thus, the likelihood of rockfall risk along a section of road

can then be calculated based on geologic unit.
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Figure 3-9. Exploded map view of different layers used in relating geology, slope,
aspect and elevation to rockfall risk sites.

The road network layer and the location information for rated rock slopes were
compared with the slope, aspect, elevation, climate and geology layers. Information about
slopes, aspects and geologic units that coincide with rated rock cuts is shown in an exploded
map view in Figure 3-9. This information was then used to develop a weighted combination of
factors algorithm (Ayalew et al. 2004; Guzzetti et al., 1999) for determining probable
locations of other potentially hazardous rock cuts by identifying and locating sections along
state routes where critical combinations of these criteria slope, aspect and geologic unit occur
(Carrara et al., 2003; Chau et al. 2004). The critical combinations were determined using
logistics regression analysis where the dependent variable was the preliminary rating of “A” or
“B” and the independent variables are slope, aspect, geology etc. The locations of rockcuts
and their preliminary ratings were mapped against terrain, geology, climate and road geometry
layers to extract data for the independent variables.

The analysis was initially performed on a county scale (1:100,000). This initial test
was based on the terrain model, a coincident geologic hazard model and overlay of the state
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route right-of-way. The coincident geologic hazard was determined by counting the number of
hazardous rockfall sites within individual geologic units and normalizing the counts by the
length of right-of-way crossed by the unit. After-the-fact predictions of potentially hazardous
sections from spatial analysis of terrain models and geologic data produced a good match with
rock cuts that were determined from field inspection to warrant further evaluation. The spatial
analysis model correctly predicted 38 out of 43 known rock cuts that received a preliminary
rating of “A” or “B” in Carter County Tennessee (Figure 3-10). The spatial analysis model
also predicted a number of sections along collector roads (light gray lines in Figure 3-10) that

have not been individually evaluated as part of the rockfall risk inventory. Sections of road
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Figure 3-10. (a) Map of Carter County showing sections of road (red) predicted by spatial
analysis model to warrant further evaluation, and (b) Map with the addition of locations of
rock cuts that received “A” ratinas (areen-circles).

determined by spatial analysis to need evaluation are mapped in Figure 10 along with the

locations of known “A” rated rockcuts. The model can also be used to identify sections of road
that should be studied using TRIMS in order to find the exact locations of rock cuts for

preliminary ratings.
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The ability of the spatial analysis model to determine locations of potentially
hazardous rock cuts was further improved as additional counties were studied as part of Phase
I1. The use of elevation models with higher accuracy, as well as physiographic layers, climatic
layers, and a road sinuosity layer were also incorporated into the model. Research was
conducted to evaluate ways to improve the model using additional data layers and by
improving the method used to derive the geologic hazard layer. Rock slopes that yielded high
risk scores have been observed in the field of view along sections of road that are curved or
have switchbacks in order to follow changes in slope orientation or to climb steep slopes

(Figure 3-11). Methods for modeling roadway orientation in proximity to changes in slope

(b)

Figure 3-11. (a) Roadway following a deeply dissected ridge, and (b) a switchback to
climb a steep dip-slope. Typical locations of rockcuts are indicated by the “Falling Rock”
signs. The specifics depend on the geologic structure.

aspect & steepness were investigated to develop a sinuosity mode. A script developed by
Ciavarella (2005) was used to split the state routes into half mile sections that were then
evaluated in terms of sinuosity (Figure 3-12). A statistically significant correlation was found
between sinuosity and the site and roadway geometry rating. No significant correlation was

found, however, between sinuosity and geologic character score.
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Figure 3-12. Determination of sinuosity. Total length L is calculated directly

from the GIS shape property. Straight line length L is calculated using
coordinate geometry.

Weathering is an important natural process that can cause rocks to weaken, break down
and possibly enter the roadway. Weathering mechanisms and rates are directly related to the
geology and climate. Environmental data layers in the form of average annual precipitation,
mean total snow and average frost free days were also included in the spatial analysis model
(NOAA, 2005). In addition, Parameter-elevation Regressions on Independent Slopes Model or
PRISM (USDA-NRCS, 1998) data was compiled into a derived climatic model to represent
the environmental factors that contribute to rockfall hazards. The spatial analysis model has
been modified to incorporate climatic data, such as precipitation, freeze-thaw cycles, and
degree-days above & below average. Precipitation and mean total snow fall were found to be
positively correlated to rockfall risk score, while frost free days and degree-days heating &
cooling layers have little impact on the risk scores. This may be due in part to the resolution of
the data layers. The precipitation and snow layers were available at 1:250,000 scales while the
other environmental layers were only available at 1:3,000,000 scale.

Rating data were grouped using cluster analysis (Davis, 2002) and the clusters were
mapped against geology and physiography to determine spatial correlations among failure
modes and site characteristics. Cluster analysis was performed in conjunction with principal

components analysis (PCA) to determine which measures have the greatest impact on the
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overall variance of the total hazard scores (Davis 2002). The results of the PCA can be used to
make the data collection methods more efficient by refining what and how information is
collected. For example, the determination of ditch effectiveness in the Tennessee rating system
has been made less subjective by measuring ditch width and comparing it to design standards.
However, field experience has shown that one of the primary reasons a slope will be rated as
an “A” slope is the absence of effective catchment; PCA confirms this, indicating that the
majority of slopes that have been evaluated using the detailed rating receive the maximum
score of 81, representing significantly inadequate catchment (Figure 3-13). PCA also provided
insights into other measures that have little impact on the hazard rating score variance, such as

Average Vehicle Risk.
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Figure 3-13. Site & Roadway Geometry Categories Receiving Maximum
Scores.
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3.4 Conclusions
The Rockfall Management System developed for Tennessee DOT integrates a

customized rockfall risk rating system, rockfall database and web-based GIS application to
provide a robust interface for interaction with, and management of, rock slope information.
The system should prove to be a valuable tool for the proactive management of rock slopes.
The most important use of the system will be to identify and prioritize rock slopes with the
greatest potential for rockfall. This should help provide decision makers with all the
information they need to plan remediation efforts. Over time, the RMS can be used to track the
costs and effectiveness of different remediation methods used on problem rock slopes.
Spatial analysis of terrain models, geologic maps and the known locations of
potentially hazardous rockcuts can be used to develop models for locating sections of road
where rock cuts may require further evaluation using the RHRS. Spatial analysis can also
contribute to an understanding of how geographically dispersed features interact with rockfall
hazard. Knowledge gained form spatial analysis can be used to improve hazard and risk

assessment methods use in rockfall management.
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4. Conclusions
Twenty five years ago rockfall was identified as a significant problem for

transportation agencies across the country (Royster, 1979). Rockfall problems have increased
as transportation systems expand to serve more drivers and reach remote areas, and as
population centers become increasingly congested. Rockfall poses considerable risk of human
injury, property damage, economic loss due to road closures, and negative environmental
impact due to release of toxic substances (Wyllie and Norrish, 1996). At the same time,
expectations of the motoring public regarding protection from rockfall are increasing. For
many years rockfall risk was dealt with in a reactive way; repairs were performed on rock
slopes in response to nuisance rockfalls and large scale rockfalls. The need for proactive
systematic management of rockfall was identified in 1990 (Pierson et al., 1990) and has
sparked a new paradigm in rockfall management. This paradigm has led many states to adopt
systems for proactive management of rockfall.

The research proposed here contributes to civil engineering practice by (1) critically
surveying the current state of the rockfall risk management paradigm and (2) introducing an
innovative management system based on asset management, knowledge management and
information technology. The fully integrated rockfall management system developed under
this research incorporates risk assessment, decision analysis, prioritization and asset
management.

The risk rating system developed as part of Tennessee’s rockfall management system
incorporates new methods for evaluating the geologic character of rockfall sites. Previous
systems did not record information related to failure mode, and the degree of hazard was
represented by an estimation of rockfall volume. Tennessee’s system evaluates the mechanism
that delivers rock to the road by recording descriptive categorical details, such as mode of
failure, block size, and uses abundance as a measure of relative magnitude. This system also
uses an electronic data collection system that facilitates accurate and efficient information
gathering. Tennessee’s system should serve as an example for other transportation agencies
that are planning to implement a rockfall risk management system. TennRMS goes beyond
prioritization systems that have been implemented by other states, by incorporating principles
from asset and knowledge management that can be used within a robust decision support

system.
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The rockfall management system developed for Tennessee DOT includes several
features that pertain to data collection, visualization and distribution. In addition to traditional
data collection with paper forms, field data such as traffic counts, highway geometry, and
geologic characteristics of rock cuts, is recorded on Personal Digital Assistants (PDA’s). The
data collection with PDA’s allows automatic error checking, and direct synchronization of
collected information with the rockfall database located on a centralized server. Fields in the
PDA are accessed using interactive dropdown menus for consistent and rapid input, and the
hazard rating is calculated as the data is collected. Digital photographs, GPS coordinates, and
other data are also downloaded into the database. The database is then incorporated into a
web-based GIS, which is distributable throughout TDOT. With full implementation,
Tennessee’s RMS serves as a comprehensive system that will contain a systematic
identification, inventory, and prioritization of rock slopes for remediation. It integrates a
customized rockfall risk rating system, web-based GIS application, and rockfall database to
provide a robust single interface for interacting with rock slope information. The most
important use of the system will be to identify and prioritize rock slopes with the greatest
potential for rockfall and to provide decision makers with all the necessary information and
analytical tools they need to plan remediation efforts. Over time, TennRMS can be used to
track costs and effectiveness of remediation methods used on problem rock slopes

4.1 Future Work
Rockfall management research does not end with the delivery of TennRMS. The

system that has been developed will remain at TDOT as a program that will grow and change
over time to provide planners, engineers and geologist an increasingly valuable tool for
making decisions regarding the maintenance and remediation of rockfall issues. Knowledge
management is a key component of the system as it will facilitate the development of
institutional memory that can be used to better quantify rockfall risk, asses the quality of
remediation methods & contractors, improve operational standards to determine best practices
and provide budgetary efficiency.

The work presented above has shed light on the methods employed to manage rockfall
risk. More research, however, needs to be performed. Methods used to systematically
prioritize rockfall sites for remediation should be calibrated with historical information

collected in the coming years within TennRMS to identify how well the risk indexing system
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represents risk. The information system can be expanded to include other geotechnical assets
such as retaining walls, abutments, reinforced embankments, road sub-grades and other man-
made slopes, in order to develop a more complete asset management system. The performance
of these geotechnical assets and the information related to their care & maintenance can also
contribute to institutional memory and knowledge transfer within TDOT.

The spatial analysis of rockfall risk sites can be improved with higher resolution
environmental data and more historical data related to rockfall events. As the rockfall risk
indexing system evolves, correlations between rockfall risk, environmental factors, geology,
surface structure and roadway geometry will become more apparent and will contribute to
future decisions related to site selection and infrastructure management. Additional research is
needed to determine how annual weather cycles contribute to rockfall risk and how can

temporal fluctuations in risk be modeled, assessed and managed.



