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Abstract

Rockfall hazards are a significant and ongoing threat to infrastructure
located within steep terrain. Assessing the relative hazard along a transportation
corridor is important in determining the likely location and mode of rock slope
failure. Understanding where to focus attention and funds is vital for the
infrastructure agencies because of the high cost of implementing preventative
measures for long lengths of infrastructure. Hazard analysis has historically relied
upon experienced field engineers assessing each site, which is not time or cost
effective. This study focuses on using remote sensing techniques to analyze rock
slopes along transportation corridors. A case study from Southern Nevada is
presented with several failing rock slopes along a railroad line. The analysis uses
Digital Elevation Models (DEMs), ortho-photos, and high resolution remote sensing
data to analyze individual rock slopes with a risk of failure. The rockfall hazard is
measured using the Rockfall Hazard Rating System (RHRS) method, while the rock
mass strength is measured using the Slope Mass Rating (SMR) method. A workflow
is developed that can be immediately implemented by transportation agencies for
use in maintenance programs.

Key Words: LIDAR, Photogrammetry, Hazard Rating, SMR, Geotechnical Asset
Management
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1 Introduction

Geotechnical assets are an integral aspect of transportation infrastructure but
have not been included in traditional asset management systems due to the high cost
of collecting and analyzing data needed for a management system. Geotechnical
assets would include any structure along a transportation corridor that is composed
of soil or rock or integral to the functioning of structures made of traditional
engineering materials such as steel and concrete. Common examples of
geotechnical assets would be slopes, retaining walls and tunnels. The main
limitation of assessing geotechnical assets along transportation corridors is the
length of the corridor as well as the method used to assess the asset.

A key geotechnical asset for transportation corridors in mountainous regions
are rock slides. While large scale rock slides are fortunately not common, but when
they do occur they can shut down a rail line or highway for a significant amount of
time and be costly to remediate. Even small rock falls can create serious conditions
especially for railroads, which can lead to derailment or the stopping of trains. The
focus of this report will be on the geotechnical asset of rock slides also known as
rockfalls. Rockfalls are a serious hazard for roads and railways and can cause
significant economic loss as well and social costs.

In order to determine where to focus limited financial resources, field
engineers would be required to travel to all potentially hazardous locations to assess
rock slopes. This is a costly and time-consuming process but would still be based on
a visual assessment and engineering judgment. Today, some state departments of
transportation use the rockfall hazard rating system (RHRS) (1). This system
indicates areas that are relatively more hazardous than others and allows state
departments to narrow their area of concern to the rock slopes that are most likely to
fail. The RHRS, however, does not address the types of possible failures, or suggest
how to best remediate the hazardous condition.

To understand how a rock slope might fail, the slope’s geometry and rock
mass properties at each individual location must be known. For example, field
engineers can perform in-situ tests to determine the strength of the rock, and
determine how intact the rock mass is. These are key parameters in determining the
Rock Mass Rating (RMR) (2). However, in-situ tests are sometimes prohibitively
expensive, and require specialized knowledge and equipment, making it difficult to
test all potentially hazardous sites. To help analyze a slope with the aid of rock
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testing, the Geologic Strength Index (GSI) can be used to provide an estimate of the
RMR based on surficial visual assessments. In order to better understand the failure
mechanisms of rock slopes, engineers can go a step further and use the Slope Mass
Rating (SMR). This system takes into account the slope’s geometry and most
aspects of a rock mass, and provides an estimate of the stability of the rock slope
(3). The SMR class system also provides estimates on the potential failure
mechanism and possible remediation measures. This method provides a measure of
the slopes with the highest need for remediation, so it is possible for state
transportation departments to accurately focus the budget on the project with the
highest return value.

Though it is helpful to know where the most potentially hazardous
geotechnical assets are located, it is still costly to send a field engineer to each site
for annual assessments once the initial determinations have been made. Also, it is
possible that there might not be an accurate record kept of each location. In some
cases only a form with the field engineer’s comments might be available(4). This
prevents the creation of quantitative estimates of specific site movements based on
past records.

In order to improve geotechnical asset management, the use of remote
sensing has been applied (5), through the use of technologies such as LIiDAR (Light
Detection and Ranging) and optical photogrammetry. Using these technologies it is
possible to accomplish the required tasks for transportation agencies to assess their
geotechnical assets. There has been significant research on how LiDAR and
photogrammetry work, and how the technologies can be applied to the geotechnical
field (6-8). Each method can be applied separately, and in conjunction with one
another. Using both LIDAR and optical photogrammetry to analyze a rock slope can
supplement the shortcomings of either technique, and can provide a full color, 3D
representation of the slope. Images, created by LIDAR and optical photogrammetry,
can be analyzed for geological structural features, which can then be used in the
assessment of the rock slope properties. Indeed, remote sensing can act very
similarly to the visual assessment made by geological engineers in the field, and
thus, can be applied to the GSI and SMR methods for predicting slope stability.
Another advantage of the using LIDAR point clouds is in the creation of high-
resolution digital elevation models (HRDEMs). These HRDEMS can be used to
draw extremely accurate 2D and 3D profiles of the slope for failure modeling, and
as a base layer for generating hazard maps with a geographic information system
(GIS) software package. Both of these are good visual ways to interpret the potential
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rock slope hazards along a transportation corridor. Another advantage in using
remote sensing technologies is the virtual record keeping that results in the using
these technologies. When using LiDAR and photogrammetry over the course of
several years, it is easy to compare the slope profiles year to year, and determine if
there has been any change in the profile. This simple deformation monitoring
system can be extremely helpful in analyzing how the hazard rating for a specific
site changes throughout time.

A first attempt at using the remote sensing techniques of LiDAR and optical
photogrammetry to analyze a transportation corridor is outlined in this paper. A
study site in southern Nevada is used that has several years of LIDAR and optical
photogrammetry point clouds. Other remote sensing technologies, such as
Interferometric Synthetic Aperture Radar (INSAR), were also collected at this site,
but will not be discussed in this study. The study determined a hazard rating for the
site along with an estimate of slope stability and failure mechanisms. The results
were verified with physical data for the rockslide performed by a geotechnical
consulting firm. Once the current state of geotechnical assets has been determined, a
performance model can be created for individual geotechnical assets, which can be
used by agencies in a decision support capacity (9). A discussion of applicability
and future modifications is provided at the end of this report.

2 Literature Review

2.1 Geotechnical Asset Management

Asset management is a program that is enacted to ensure physical assets can
meet their lifetime performance goals. An asset management program can be
applied to any type of infrastructure that requires routine maintenance. For
transportation infrastructure, physical assets can range from the road pavement or
railway tracks to bridges to traffic signals and signage (10). The criterion that a
transportation asset management program uses to monitor includes topics such as
asset preservation and sustainability, pollution control, and protection of resources.
Geotechnical assets however, have generally not been included in most asset
management programs. Geotechnical assets can include embankments, tunnels, and
drainage ditches. Geotechnical assets are intrinsically linked to transportation assets,
and are sometimes hard to distinguish as a separate component. Figure 2-1
illustrates a number of geotechnical assets along a highway in hilly terrain.
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FIGURE 2-1. SCHEMATIC OF GEOTECHNICAL ASSETS AS DEFINED BY THE
FEDERAL HIGHWAY ADMINISTRATION (10). THERE ARE MANY
GEOTECHNICAL ASSETS PRESENT ALONG TRANSPORTATION AREAS. THIS
DIAGRAM SHOWS THE INFRASTRUCTURE ASSETS ARE INSEPARABLE
FROM THE GEOTECHNICAL ASSETS THEY ARE BUILT UPON.

One of the main objectives of an asset management program is to maintain
the physical assets in a cost-effective manner. Geotechnical assets, however, can be
difficult to identify, and prohibitively costly to support. Even though, it has been
found that the economic cost of repairing a failure geotechnical feature is less than
the cost of the mitigation options to prevent failure (10). In order to minimize the
impact of failures on geotechnical assets, the Federal Highway Administration
(FHWA) has strongly supported that geotechnical asset management be
incorporated in the established transportation asset management programs (10).

There have been multiple papers describing how to create a geotechnical
asset management framework (10-13). The main components of a management
framework include assessing the current state of the asset, defining the required
level of service, identification of critical assets, and investment strategies (9).
Implementation is also a key factor is designing a geotechnical asset management
program. For example, the program should be based on already existing systems, so
that it can fit into the known management program. If the current system overlaps
into the geotechnical assets, it can be used without creating additional workload.
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Finally, the asset program should support the objectives and goals of the agency
implementing it. In terms of transportation asset management, adding geotechnical
assets would most likely fall under lifetime maintenance goals that the
transportation agencies already have in place (11). As an example, Figure 2-2 is a
landslide management program that shows the different elements that make up a
geotechnical asset management program, and how it can be integrated into existing
maintenance programs.

Triggering | | Preparatory | | Landslide
factors factors inventory

'*
v Y
Probability of Runout
landsliding behavior

Hazard assessment Elements Yehnesbility
at risk assessment

Risk asscssment k

\ 4

Risk management Iq_ Cost-benefit analysis

FIGURE 2-2: A GENERIC FLOW DIAGRAM OF A LANDSLIDE
ASSET MANAGEMENT PROGRAM (14). THIS IS A SCHEME THAT
MANY STATE DOTS USE TO MANAGE INDIVIDUAL
GEOTECHNICAL ASSETS.

2.2 Hazard Rating System

Hazards due to rockfall failures are a major concern for transportation
infrastructure. Rockfalls and rock slides have a high potential to damage roads and
railway tracks. There have been several different systems available to assess the
hazard along transportation corridors. One of the most widely used, especially by
transportation agencies, is the “Rockfall Hazard Rating System” (RHRS) (4). This
system was created by the Oregon DOT to be a proactive approach to monitor
rockfall hazards. The RHRS is a subjective model, and requires proper training and
extensive use of engineering judgment.

The RHRS is meant to be a process by which transportation agencies can
monitor and maintain highway systems for rockfall hazards. It provides a rational

way to make economic decisions, and focus construction costs on the areas that are
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at the highest risk for hazards. It is comprised of the following six key elements; (1)
a uniform method for inventory, (2) preliminary rating of slopes, (3) detailed rating
of hazardous slopes, (4) preliminary cost estimate for hazardous slopes, (5) project

identification, and (6) annual review (1). While the entire system is for a long-term

management program, it can be used on an individual slope basis to determine risk.
The categories for the RHRS are identified in Table 2-1.

TABLE 2-1: THE RHRS RATING CRITERIA AND SCORE SHEET FROM THE OREGON DEPARTMENT

OF TRANSPORTATION (1). THIS TABLE IS MEANT TO BE USED WITH FULL KNOWLEDGE OF ALL
CATEGORIES AND TECHNICAL EXPERIENCE.

AATING CRITERW AND SCORE
CATEGORY
3 POINTS 9 POINTS 27 POINTS 81 POINTS
SLOPE HEMGHT 25 FEET 50 FEET 75 FEET 100 FEET
DITCH Good Modarate Limited Mo
EFFECTIVENESS catchmeant catchment catchment
AVERAGE VEHICLE 25% 50% TE¥ 100%
HISK of the of the of the of the
irm firme lirre firme
PERCENT OF Adequats sight Modearaie Limited sight Very limited
DECISION distance, 100% sigiht distance, 0% sight
SIGHT of low dasign distance, 80% of low design distance 40%
CHSTANCE valua of low dasign walua of low design
value value
ROADWAY WIDTH
INCLUDING PAVED A4 el 38 fest 28 feel 20 feat
SHOULDERS
[e] c Driscontinuaus Discontinuous Discontinuows Continuous
E A STRUCTURAL joints, joins, joénts, joints,
o = COMDITEN favorable random advarse adverse
L E arientation orientation ariantation ariantation
o
a 1 ROMCH Raough, Clay infifling,
1 FRIGTION Inraguiar Undulating Planar or slickensided
c
ﬁ c Oecasional Major
A A STRUCTURAL Faew differenlial arosion Karyy arcsion
oy 5 CONDITION Brosion features faatures erosion featuras features
E
A
[ z DIFFERENCE IN Small Madarate ] Extrame
E EROSION RATES difference ditference ditference difference
A
BLOCK SIZE 1 Food 2 Feal 3 Fest 4 Feet
VOLUME OF 3 cubic 6 cubic 9 cubic 12 cubic
ROCKFALL/EVENT yards yards yards yands
Low o Moderaie High High precipi-
moderate precipitation precipitation tation and long
CLIMATE AND precipitation ; o shert or long freazing | freezing
PRESENCE no freazing freezing periods or periods or
0OF WATER periods: no periods or comtinual water continual waler
OM SLOPE waler on slope inarmittent on slope on slope and
water on long freazing
slope periods
RACCKFALL HISTORY Ferw falis Occasional Many falls Ceonstant falls
falls

In applying this system to an entire transportation corridor, a preliminary
rating system is required. A primary rating system is based on both the potential for
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rocks falls but also on the historical activity at all sites. A detailed rating system,
used for more specific analysis, has several categories, each with four choices. Each
choice is exponentially worse than the previous to distinguish more hazardous sites.
The majority of the 10 categories, however, are subjective in nature. The only
details that involve something other than engineering judgment are the “average
vehicle risk” and the “decisions sight distance”, which are calculations that result in
an average value for the location. Most information about specific locations can be
found in historical records, and in publicly available data logs.

The RHRS was developed in 1991, and was commissioned by the Oregon
DOT for relatively varied topography. The system, however, is not applicable for
more mountainous terrain. Because of this, modifications have been proposed. One
of the more popular rating systems is the Colorado RHRS, which take into account
more geological and climatic factors than does the Oregon RHRS system. The
slope, climate, geologic, and traffic conditions all contribute to the overall hazard
score of any particular location (15). This modification accounts for different rock
types, rainfall and seepage conditions, and the effect on the transportation
infrastructure. While this system has not been adopted by all state DOTSs, it is an
improvement on the Oregon rating system. It is, however, still an empirical system,
relying heavily on historical data and engineering judgment. For example, several
categories, such as average vehicle risk, are repeated from the original RHRS.

Another modification to the RHRS system was suggested by Budetta, P., &
Nappi (2013) which focuses on a single category in an attempt to reduce the
subjectivity. This modified RHRS is identified as mRHRS in this report (16). While
not necessarily better or worse than systems such as RHRS, this system focuses on
statistics for a single landslide site. The site could be of interest because of
triggering events, such as earthquakes or flash floods. A modification that analyzes
the frequency-volume statistics can determine locations where defensive structures
could mitigate damage due to rockfalls (17). Study of rockfalls along transportation
networks is an ongoing process to improve the RHRS (18-19).



There has not been a significant amount of research in the use of remote
sensing for hazard rating systems. This is likely because remote sensing requires
special equipment and knowledge to implement. The importance of remote sensing,
however, is that it can replace the need for an engineer to travel to the site and to
rate it based on engineering judgment. For example, many of the categories in the
Oregon RHRS can be determined without visiting the rockfall location but can be
determined using remote sensing techniques. Even in more detailed rating systems,
because of the subjective nature of these systems, remote sensing techniques can be
used to determine a relative hazard rating. Research by MJ Lato (5) into the use of

LiDAR for many aspects of slope identification and hazard rating is an important
step in using remote sensing for these aspects of geotechnical asset management.
This work, however, is for individual locations using only LIDAR, and is not
applicable to transportation corridors. Table 2-2 illustrates the criteria for a hazard
rating system using LiDAR technology. The systems evaluated are the RHRS, the
Rockfall Hazard Risk Assessment (RHRA), and the Rockfall Hazard Rating system
for Ontario (RHRON), all of which are commonly used. The input parameters, or
categories, for three different hazard rating systems are able to be measured or
estimated by LIDAR data, showing that remote sensing can be used to perform

TABLE 2-2: HAZARD RATING SYSTEM CATEGORIES THAT CAN BE

DETERMINED USING ONLY LIDAR INFORMATION (5). THE RHRS, ROCKFALL
HAZARD RISk ASSESSMENT (RHRA), ROCKFALL HAZARD RATING SYSTEM
FOR ONTARIO (RHRON) ARE EVALUATED. THE LIDAR INFORMATION IS

COMPARED TO THAT OF AN EXPERIENCED ENGINEER.

Evaluation Method

< ; = Field Extracted
= = = engineer from LiDAR
=~ = E
== = ==
-
Input Variable  Description/use
Discontinuity Dip/dip direction measurements for . . .
) ! " PP ¢ ; o X X X measured measured
struchures kinematic evaluation
Discontinuity Distribution of interval between . . measured
o ‘ . P X X - ] measured
spacing discontinuities estimared
Discontinuity Persistence and interaction between . . . measured
. - . L X X X . measured
persistence (]]SCOIITIIIU!I)’ sers estimared
Block shape Distribution of potential failed rock . .
R P pote X estimated maodelled
distribution block shapes
Block volume Distribution of potential failed rock . . .
R X X estimared modelled
distribution block volume
Curvature Corridor curvature and line of sight . . , .
- ot < HIe and Hie of st X X X estimared measured
at any given point
Holistic sense of  Inmition or “feel” for the hazard ; . .
- SEHRE ¢ X X X visualized n/a
hazard potential
Rockfall mmn ont  Distance failed rock blocks will ; .
. ‘ N X X X estimared modelled
distance travel
Slope angle and  Slope geometry and corridor . .
h = S - . R basic detailed
ditch interaction X X -
- profile profile
configuration
Zones of Zones where failed rock blocks .
. N N X X X n'a measired
accumulation accumulate or travel through
Zones of rock Zones where failed blocks have .
X wa measured

block release

been released from




hazard analysis based on systems already in use.

Figure 2-3 illustrates how to use LIDAR technology in evaluating rockfall
hazards at a single rockfall location, resulting in metrics that can be applied to an

asset management program.

slope ) Legend
geomalry
Moasured fram
struciural J lidar dada
geology rockfaill f Calculntm: e
. | susceplibility L boar data
Inggers Mesdalisd from
i dln
history ; Ld AR l‘fli'\ll
enginearednatural sl
barrier e g, Screen
sufficient dilch
kel vogELakon ) probabiiity of
magniiude i v hazard o lrdek
hlock size
disirmuation ) . #  harard extent
bioek shape . L
aisdribution
track monitoring
(persannel or
: : detecton system} probability of
SHIL i hazard encounies
last check ¥
avarage daily - UDOSUIE
traffic
o L4
,.-; fives nf sl'g..rsr , Avokdanced probabslity of
(L and visibidly stopping hazard avoidance
speed Limit and
breaking distance

FIGURE 2-3: A FLOWCHART DESCRIBING HOW TO USE LIDAR TO DETERMINE THE
HAZARD RATING OF A ROCK SLOPE (5). THIS IS A MODIFICATION OF THE WORKFLOW

PRESCRIBED FOR THE RHRS.

An important item to consider when using LiDAR to evaluate a rockfall
hazard is to account for different geologies and possible failure mechanisms. A field
engineer already does this, based on engineering judgment, at each site investigated.
LiDAR will not automatically do this, so adjustments must be made. The geology of
the slope, whether for example it has high or low anisotropy or horizontal banding,
affects the structures present and the types of failure modes likely to take place.
LiDAR, therefore, must be used in conjunction with modeling programs, such as
rockfall software modeling programs, to assess potential failures such as rock runout
by creating a geometric profile of the slope.
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The use of LIDAR has several significant benefits over the traditional
evaluation methods. The first is that there is less room for judgment bias when the
rock slopes are automatically extracted from a complete coverage map. An engineer
in the field might not be able to accurately measure the length or aperture of a joint,
but those aspects can generally be identified in point clouds. Second, there is a
permanent record of the slope topography at the time of recording. With repeated
data collections, it is possible to see slope deformations that might otherwise be
overlooked. And finally, it takes the field engineer out of harm’s way, avoiding
potentially dangerous conditions when evaluating a serious slope hazard.

2.3 Analysis of Rock Slope Stability

2.3.1 Rock Slope Properties

During the initial stages of investigation rock slopes for potential hazards, it
is beneficial to use a rock mass classification system to assess the condition of the
rock that comprises the slope. A rock mass classification system provides a
guantitate measure of the slope’s rock mass properties, when in-situ and laboratory
tests are not available. Rock mass classification can range from simple checklists to
more complicated schemes that provide numerical values for rock properties.

An important criteria used in rock mass classifications is the degree of
fracturing of the rock mass. A solid rock with no fractures will be stronger and more
stable than a highly fractures rock mass. There are two methods used to quantify
rock fractures: (1) the Rock Quality Designation Index (RQD) and (2) the
volumetric joint count (J,). The RQD requires rock core drilling, and provides a
“rock mass quality” termed a RQD (2). The volumetric joint count, J,, is used when
boreholes are not drilled. The J, is the number of joints per unit length of the rock
mass, and it is correlated to the RQD by the equation:

RQD =115 —3.3 * J,

The most commonly used rock mass rating (RMR) system used the United
States was developed by Bieniawski in 1976, and revised in 1989. The RMR system
uses five criteria, shown in Table 2-3, to classify a rock mass as shown in equation:

RMR:Al‘l' A2+ A3+A4+A5
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The sum of all the criteria values gives a class number, and general
characteristics for the rock mass. This system can be used for most rock masses,
with adjustments must be made for specific projects., (20).

TABLE 2-3: PARAMETERS FOR BEINIAWSKI (1989) ROCK MASS RATING (RMR) SYSTEM
(2). THE RATING VALUE FOR EACH OF THE FIVE CATEGORIES COMBINES TO DETERMINE AND
OVERALL RMR SCORE.

A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

Parameter Range of values
Strength Peant-load =10 MPa 4-10MPa 2-4MPa 1-2MPa For this low range - unsaxial
of strength index compressive lest is preferred
1 intactrock | Uniamal comp >250 MPa 100 - 250 MPa 50- 100 MPa 25 - 50 MPa 505 | 18] <1
material strength MPa MPa | MPa
Raing 15 12 7 4 ] 1 0
Dinill eore Qualty ROD 0% - 100% 5% - B0% 50% - T8% 25% - 5% < 250
2 Rating 20 7 13 | 3
Spacing of =3im 06-2.m 200 - 800 mm B0 - 200 rmm < i mm
3 Rating 20 15 (1] 8
Very rough surfaces Slightly rough suriaces Soft gouge =5 mm thick
Caondition of discontinuibes Nok confinuous Separation < | mm or Separation > 5 mm
(See E) Highly weathered walls Separation 1-5 mm Continsous
4 Continuous
Ratiry v 20 10
None <10 10-25 25-125 > 125
¢! =01 01,-02 02.05 =05
0
§ {
General condifions Comgpletely dry Dramp Wel Dipping Flowing
Rating 15 0 T

The GSI was developed by E. Hoek to provide a visual method to assess the
strength of a rock mass given a rock masses “blockiness and the conditions of the
discontinuities” (21). In order to have a more quantitative measure for the GSI
value, Sonmez and Ulusay (2002) (22) proposed a method that takes into account
the size and the roundness of the rock block. As illustrated in Figure 2-4, the
Surface Condition Rating (SCR) and the Structure Rating (SR) combine to give a
more precise value for a rock masses GSI.. The SRC is based on the roughness,
weathering, and infilling of joints throughout the mass. The SR can be determined
through a visual inspection of the rock mass, or an equation based on the volumetric
joint count of the mass. A GSI value should be determined for each joint set, with
the average of all values resulting in the GSI for the rock mass as a whole. This
chart gives a more accurate value for GSI than the unmodified chart because of the
more rigorous approach in visual assessment.
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FIGURE 2-4: THE MODIFIED GSI| CHART USING VISUAL ESTIMATES OF THE SURFACE
CONDITION AND THE STRUCTURE OF THE ROCK MASS (23). THIS SYSTEM ALLOWS FOR
MORE PRECISE GSI| VALUES TO BE DETERMINED FOR ROCK MASSES.

The RMR requires two in-situ tests, one for the compressive strength of the
rock mass, and one for the RQD. When in-situ tests are not available, the RMR can
be determined from the GSI. The conversion between the two is provided by:

RMRgo = GSI + 5
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This equation is valid for GSI greater than 18 (20). Figure 2-5 (21) shows
the correlation between RMR and GSI values. There are several ways to use the
rock mass classification schemes, and different ways to correlate the results from
multiple methods (2,27-28).

90
85 *
80 1
75 1
70 -
65 A
60 4
55

50 1
43

40 -
35

30 -
25 A
20 4
15 4
10

GSI

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 V5 80 85 90 895
RMR

FIGURE 2-5: THERE IS A STRONG CORRELATION BETWEEN GSI AND RMR VALUES
(21). THE LINE INDICATES AN EQUATION RMR = GSI + 5.

While the RMR is acceptable for use in many geotechnical applications, it is
not optimized for use on rock slopes for stability analysis. Consequently, the RMR
was modified by M. Romana, M. in 1993 for rock slopes to the Slope Mass Rating
(SMR) system (29). This system uses the RMR value from Bieniawski (1989) and
applies a series of adjustment factors including an excavation factor, as seen in
Table 2-4. This method includes probable types of failure, and support measure
necessary to predict stability. The adjustment factors include the parallelism
between joints and slope face strike, joint dip angle in the planar mode of failure,
and the relationship between slope and joint dips. The excavation factor is an
empirically fixed value. The values for adjustment factor F3 are taken directly from
Bieniawski’s 1976 RMR classification system (30).
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The less subjective nature of the SMR means that it is better adapted to be
applied to slopes over a large area. It is possible to know the parameters at a single
site, and scale the SMR model to a larger area, or it is possible to use geology-based
estimates to apply directly to a large area. Perhaps the most efficient way to
accomplish this is through the use of a Geographic Information Software (GIS)
system (31). All variables necessary to create a GIS SMR map are available from a
digital elevation model (DEM) or are established based on those variables (3,32).
SMR maps therefore are a way of identifying the hazard of individual slopes along
a transportation corridor. Discrete maps such as these can also be created based on
field knowledge or estimated variables. It is important, however, to understand the
accuracy of the input parameters, to understand how conservative the SMR values
are or are not. It is also possible to use continuous functions, based on a range of
values for all parameters, to create an SMR map in a GIS system (33). Continuous
function maps have the same level of accuracy as discrete maps at specific failure
sites, and make it simpler to create predictive models should site conditions change.

TABLE 2-4: THE CHART USED TO DETERMINE THE FOUR ADJUSTMENT FACTORS
APPLIED IN THE SLOPE MASS RATING METHOD (34). THE VALUES ARE USED IN
THE EQUATION SMR =RMR + (F1 X F2 X F3) + F4.

Very Very

Type of failure favorable Favorable Mormal Unfavorable unfavorable
P A la-a > 30" 30-20° 20-10*  10-5* <5°
T |o—ag

-180|
W |a - a
PITW  F 0.15 0.40 0.70 0.85 1.00
P B |5l¢614l < 20° 20-30° 30-35° 35-45° > 45°
P Fa 0.158 0.40 0.70 0.8as5 1.00
T 1.00
P C B-f >10° 10-0° 0° 0~ 10°) <(-107%)
N Bi— B
T B+ 5B < 110° 110-120° > 120° - -
PITIW £ 0 -6 - 25 - 50 - 60
Excavation method ({F3)
Natural slope +15 Blasting or mechanical a
Presplitting +10 Deficient blasting -8
Smooth blasting +8

P planar failure; T: toppling failure; W wedge failure. ¢ dip direction of the discontinuity; ag: dip
direction of the slope; g: dip direction of the intersection line of two sets of discontinuities; 3:
discontinuity dip; &: angle of plunge of the intersection line of two sets of discontinuities; 8. slope
dip.
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2.3.2 Remote Sensing

Remote sensing is a well-established technology that includes LiDAR,
INSAR, and optical photogrammetry, among others. Applicable to many different
fields, there has been significant research into the use of remote sensing
technologies in the geotechnical fields (6-8). These different techniques can be used
stand alone or in combination with each other to determine a wide variety of useful
surface characteristics of a rock slope. These techniques have been proven to be
faster and safer than manual field estimates, and provide more accurate
characterization of the rock masses being studied (35). There are many studies (36-
39) on how remote sensing technologies can be used by transportation agencies to
analyze transportation corridors for hazards due to rock slope failures.

LiDAR has two main capture methods, airborne and terrestrial scanning,
which can be further separated into mobile and stationary scanning. Both methods
can produce high quality datasets, called point clouds, of the surface they are
mapping. It is important to take into consideration the angle from which the laser is
oriented to the slope face in order to achieve the best image. A benefit of terrestrial
laser scanning is the ability to capture dense point clouds even from a large distance,
which enables the identification of smaller structures in the rock face (35). Static
laser scanning along transportation corridors is the traditional method, and has a
demonstratively proven track record of successful analysis (Figure 2-6). Mobile
LiDAR has recently been utilized in this capacity, and, while innovative, still
requires more research before becoming a standard (40).

FIGURE 2- 6 TERRESTRIAL LIDAR SCANNER USED AT THE STUDY LOCATION IN
SOUTHERN NEVADA. THIS IS A STATIC SCANNER, AND WAS SET UP TO SCAN THE ENTIRE
SLOPE HEIGHT. LOCATION MUST BE ADJUSTED TO SCAN THE ENTIRE LENGTH OF THE
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Optical photogrammetry can be performed with non-specialized equipment,
but is heavily influenced by shadows and changing light conditions.
Photogrammetry is able to capture more of the site, and is able to access multiple
angles, which LiDAR might not be able to scan. Photogrammetry requires ground
control points at the site for reference and scaling objects A noteworthy benefit for
using photogrammetry is that the point clouds are already rendered in true-color
RGB (red, green, blue) color space. This distinction allows for easier identification
of geological and structural features. Photogrammetry also offers advantages in cost
and ease-of-use over LIDAR, with commercial equipment and software available,
and light, more portable equipment than laser scanners (41). Photogrammetry can be
captured either from the ground, or from the air using manned (helicopter) or
unmanned flight vehicles, such as the unmanned aerial vehicle in Figure 2-7.

NEVADA. THE CAMERA WAS ATTACHED TO AN UNMANNED AERIAL VEHICLE, TO CAPTURE THE SLOPE
FROM ABOVE.
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The information from the remote sensing data can be used to create
stereonets, digital elevation models (DEMs), kinematic stability models, and a wide
variety of other useful tools for geological and geotechnical investigation. Much of
this information can be used as input data for rock property and for modeling rock
slope failures (19). This information can be used to establish a relative hazard rating
system that can be applied along transportation corridors.

Remote sensing has been optimized to assess geomorphological information,
but there has been some research into the use of remote sensing to quantify
geological information (42-43) such as rock type. In some cases, LIDAR is capable
of distinguishing between different rock types in a rock slope. This is done through
scanner intensity measurements correlated with known wavelengths of different
rock types. This is relatively new use for LIDAR technologies, and should be used
in conjunction with field studies. There is also a way to distinguish between rock
types based on thermal information. Infrared Radiation temperature and infrared
radiation spectral radiation intensity are the key properties in the new field of
remote sensing rock mechanics (RSRM). RSRM is used as a measure to identify
and forecast mechanical rock failures based on earthquake data. This method should
also be used with other, more proven methods, until more research can be
performed.

Structural feature extraction is possible from LiDAR and photogrammetry
point clouds (44). In most cases, the spatial resolution of these point clouds allows
for the identification of both macro- and microstructures. Macro-structures can be
identified even in lower resolution images, and are typically the controlling features
for slope stability. Microstructures can heavily influence the failure type and
damage, but require a finer resolution image for identification. Joint persistence and
spacing are determining factors in the type and severity of rocky slope failures. It
can be difficult to measure the true persistence of a joint in the field, resulting is
underestimations of the rock mass strength (45). Using remote sensing,
discontinuities of medium persistence can in some cases be identified, which might
not be able to be identified during field investigations. The discontinuities can also
be measured for their orientation and the overall joint density. The joints are
manually identified and extracted from the point clouds (46). Both techniques are
capable of determining the orientation of the discontinuities that they identify, and
can measure failure planes that are unfavorably oriented with the slope face. An
example of an unfavorably oriented rock fractures is illustrated in the photo in
Figure 2-8 B. Photogrammetry point clouds can help identify qualitative
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Equal area projection -- Lower hemisphers

FIGURE 2-8: THE FEDERAL HIGHWAY ADMINISTRATION’S USE OF LIDAR TO DETERMINE
STRUCTURAL DISCONTINUITIES IN OUTCROPS (48). A, PHOTOGRAPH OF AN OUTCROP SCANNER BY
LIDAR, B, STRUCTURAL FEATURES EXTRACTED FROM THE LIDAR POINT CLOUD, C, STEREONET
OF FIELD MEASURED DISCONTINUITIES, D; STEREONET OF LIDAR MEASURED DISCONTINUITIES.

information of a rock slope based on color, including joint infilling, joint roughness,
and surface weathering.

The point clouds can also be transformed into high-resolution digital
elevation models (HRDEMSs) that can be imported into geographic information
software such as ArcGIS. The HRDEMSs can be created since the point clouds have
a high point density relating to measured elevations. Currently, the resolution of the
HRDEMs can achieve an accuracy on a ten cm scale, significantly higher resolution
than publicly available DEMs at 10- and 30-m resolutions. Highly accurate slope
profiles can then be generated from the HRDEMs, along with geometry maps of the
site, such as slope aspect and angle. Pseudo-3D images show good detail, and can
assist in the identification of structural features.

At sites that meet the requirements for use of the different remote sensing
techniques, LIDAR and optical photogrammetry both return accurate results within
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their respective spatial resolutions. Terrestrial laser scanning can combine well with
photogrammetry to enhance the final product of both techniques. They have similar
abilities to access slope conditions that allow for fusion of the two point clouds (35).
There are two general types of major structural discontinuities on rock slopes,
fracture traces and fracture surfaces, called ‘traces’ and ‘facets,” respectively (48).
LiDAR is optimized to capture the facets, while optical photogrammetry is best at
identifying the traces. In order to detect both types of discontinuities in the rock
face, LIDAR and photogrammetry can be used in concert. The point clouds
generated by both techniques can be registered to each other to correctly orient the
data. The structural features can then be measured from the combined point cloud.
This method provides a way to overcome the limitations of each specific method,
without compromising their own abilities (49).

Both types of remote sensing, however, have a significant drawback in the
fact that even minimal vegetation can obscure the rock face and can cause “noise” in
the point clouds. It is very important to take measurements with both LIDAR and
optical photogrammetry at multiple angles to the slope face. This helps generate the
most accurate slope geometry and limits the amount of occlusions, areas of missing
information, in the point clouds (26). Another potential drawback for large-scale use
of the remote sensing technologies is the user-intensive requirements for data
processing. The extraction of geologic and structural features is time-consuming and
subject to user error. There has been some research into the automation of feature
extraction and analysis (49-50). It is important to understand that, other than
measurable properties such as persistence, information on rock properties is
qualitative in nature, and should be verified with field investigations when precise
values are required.
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3 Study Site — Southern Nevada rock slope
3.1 Study Site Location

The case study site is located along a railway in southeastern Nevada and is
illustrated in Figure 3-1. The railway is located within a small canyon where it is
aligned along a small creek. There are two significant rock slope failure located
along railroad. The transportation assets in the area are the railroad tracks and the
access road, while the geotechnical assets are the cut slope, the embankment, and
the railway tunnels. The case study investigated a 25 mile stretch of railroad, which
is identified by a blue box in Figure 3-1. The yellow marker indicates where Slides
1 and Slide 2, which are relatively close together are located in the corridor. A third

Gowogle aarth ot

FIGURE 3-1: LOCATION OF THE TRANSPORTATION CORRIDOR AND STUDY SITES.
INSET IS THE LOCATION IN THE STATE OF NEVADA.

slide (Slide 3) was also included in the study but was not visited during the initial
field work in May 2014. Slide 3 is loacted further south along the railroad , and was
chosen as a “undocumented site” for analysis
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The main slope failure, Slide 1, is the result of excavation work performed in
2006 using explosives. The slope’s inclination is approximately 65 degrees from
horizontal, and the slope averages between 70 and 120 feet in height. Above the
area of the slope failure, the slope has an inclination of 20 to 30 degrees above
horizontal, and is an additional 120 feet in height. The nearest the toe of the slope is
to the railway tracks is approximately 70 feet, while an access road is located
between the railway and the slope, immediately adjacent to the rail (51).

In May 2011, a large landslide occurred, after several years of slope
deformation being observed. The slide covered the entire width of the cut slope, and
“extended approximately 100 feet horizontally up the slope” (51). The debris from
the rock slide completely filled the catchment ditch, and encroached the access road.
No major damage was done to the railroad tracks. The slide encompassed a total of
300 feet in width, and 175 feet in height, from the toe to the resulting head scarp.
The railroad agency installed a 10-foot high multi-wire fence after the rock slide as
prevention measure. Field monitoring has shown slope movements are still
occurring at the site.

Less than one mile south of Slide 1 is Slide 2. This slope failure is similar to
Slide 1, in that it is also on the southwest facing side of the canyon, and also was
subject to blasting excavation in 2006. It has not caused any problems with the
railroad or access road in the past, although it continues to have rock falls. At this
site, however, the falling rock blocks are relatively small and are contained in a
berm surrounding the slide.

3.2 Geology

The geology of the study area consists of sediments of Quaternary alluvial
deposits, while the rock types include volcanic tuffs, sedimentary, metamorphic, and
intrusive igneous rocks. Tertiary age rocks, volcanic and sedimentary, are the most
common (52). It is known that the buildup of volcanic rock in southeastern Nevada
averages 3,000 feet thick, with localized areas reaching up to 10,000 feet thick. (53).
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The alluvial deposits in the basins are present in a narrow strip in the center
of the valley. The bedrock on the slopes is exposed and there is little to no
vegetation. Because the area is a main drainage path for the adjacent mountains, the
sediments are deposited in the middle of the valley, while the sides are kept
relatively free. The creek along the railroad, which runs through the center of the
valley is fed primarily from several large springs at its head, and intermittently
through surface runoff. The rock mass is mostly felsic to intermediate volcanic
rocks, of middle Tertiary age with tuff sediments interbedded with the volcanic
units (54), as seen in Figure 3-2.

%2 P '. ‘ ) { ' .. \ ]
MENES . AN ) \FWFA. 0 s
FIGURE 3-2: NEVADA BUREAU OF MINES GEOLOGY MAP OF THE TRANSPORTATION CORRIDOR AND
STUDY SITES (55). THICK BLACK LINES INDICATE FAULT STRUCTURES. THE STUDY SITES ARE
LOCATED IN THE TVvY FORMATION, WHICH INDICATES VOLCANIC ROCKS, AND THE TVT FORMATION,
WHICH INDICATES TUFF SEDIMENTS.

Specifically, the two rockslides at the study site are comprised entirely of the
Tertiary volcanic rock. There are two varieties of bedrock, a rhyolite tuff and
welded tuff breccias (Tvtw), and a white, crystalline welded tuff (Tvt). Shannon and
Wilson, Inc. in their 2011 Rock Slide Report measured the details of the site
geology (51). The main rock slide for Slide 1 study occurred in the rhyolite tuff and
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welded tuff breccia. The contact between the two units creates the head scarp for
Slide 1. The geology is the same for Slide 2, as seen in Figure 3-3. The rock varies
from low to moderate strength for the rhyolite tuff to moderate to high strength for
the crystalline welded tuff. The crystalline tuff is found in a 100-foot thick band
across the top of the head scarp. The units Tvt and Tvtw are bounded between the
alluvial sediments at the center of the valley, and the geologic unit Tvy, undivided
volcanic rocks. This is a relatively high strength rhyolite mixed with a low strength
yellow tuff. This unit is much more prevalent than the Tvt or Tvtw, and is
significantly less weathered than the other two units. An older landslide can be seen
in this unit, suggesting that all the volcanic units in this area are prone to some rock
failures. The 2011 landslide at Slide 1 is seen in figure 3-3, and occurred in the Qls
rock formation. It is immediately north of a fault also seen in Figure 3-3.

L
uﬂlﬂhﬂ Geologic Centact

Strike-Slip Fault

Geologic Units
Qal Allwiem Twt  Tuff and Tuffacecus
Sediments

5 q o
Qs Landslide Tvy  Volcanic Rocks, Undivided L 0.2 U'ﬂile
i T FE——— 3

FIGURE 3-3: RELEVANT GEOLOGY MAP OF THE STUDY SITES SLIDE 1 AND SLIDE 2.
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The geology is similar on both sides of the creek, and throughout the
approximately 25-mile stretch of railroad corridor that delineates the study area
(51). The only other geologic unit identified in this area is a Tertiary basalt (Th).
Basalt deposits in this region are generally limited in thickness and distribution, and
have little effect on the regional hydrology (54).

3.3 Rock Structure

A field investigation was performed on Slide 1 after the 2011 rock slide,
along with monitoring of the site using terrestrial LIDAR. The field investigation
identified the rock structure of Slide 1, and the ongoing LIDAR data was used to
verify the movement of the slope since 2011. Though the use of LiDAR (47,56-57),
and photogrammetry (2), it has been determined that the combination of LIDAR
and photogrammetry (15,57-58) results in the best possible image for identifying
discontinuities and their orientation. This is generally accepted to be a manual, user
intensive process, though advancements are being made in automatic registration of
discontinuities (35). For the purposes of this study, the use of a blend of
photogrammetry and LIiDAR was used to verify the field tests measurements, in
order to show that remote sensing can be used for future hazardous sites.

The field mapping revealed the structures that were contributing to the
continual rock slope movements. Only surface observations were made, no
geotechnical borings were performed. Point-load tests were performed at a number
of locations on several different rock types. The field work focused on the
discontinuities that were observed at the surface. This is because the field work
needed to correlate with the observations that can be made with remote sensing
technologies, which are limited to surface observations. All of the properties, such
as discontinuity orientation and surface roughness, are required for the RMR and
SMR analysis for the strength and stability of the slope.

The field mapping classified rock structure into two types, major structure,
such as faults and shear zone, and minor structure, such as surface discontinuities.
For example, the major structures can easily be seen in LIDAR and photogrammetry
point clouds, while the minor structures are more difficult to identify.

Since there is a significant amount of rock structure at Slide 1, this results in
a high potential for rock blocks to form, which are critical to the stability of the
slope. The important item to note about the discontinuity orientation is whether it is
favorably or unfavorably oriented in respect to the slope face. Adverse orientations
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have the potential to form kinematically admissible rock blocks with other rock
structures. The major rock structures are the controlling factor in the size of the rock
slope failure. The rock properties of each joint set can influence whether failure will
occur, though the size of the failure is mostly dependent on the major structure.

There is one fault at the western boundary of the rock slide. This fault is a
left-lateral strike-slip fault striking southwest-northwest. It is a very highly
persistent fault, on the order of several thousand feet, and is greater than 10 feet in
width. The filling is crushed rock down to soil-size material.

There are three shear zones in the area. Shear zone 1 is very highly persistent
with planar, smooth discontinuity surfaces. The JRC is 5. The shear is
approximately two four feet wide and is filled with fractured volcanic rock. This
zone is favorably oriented with the slope face. Shear zone 2 is highly persistent with
rough, undulating surfaces (JRC = 20). Shear 2 does form kinematically admissible
wedges with several of the minor rock structures. Shear zone 3 is very highly
persistent with rough, undulating surfaces (JRC = 20). This shear is also favorably
oriented with the rock face. Figure 3-5 shows the locations of all the major
structures.

FIGURE 3-4: LOCATION OF MAJOR ROCK STRUCTURES FOR SLIDE 1, INCLUDING THE AREA THAT
FAILED IN 2011.

The minor rock structures are surface discontinuities, are generally not
persistent as are the major structures. These structures are grouped into sets with
similar joint orientations. The six sets are plotted on the stereonet in shown in
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Figure 3-6. Set 1 is favorably oriented with the rock slope, but is a release joints for
a plane shear failure in sets 2 and 5, and can form wedge failures with sets 2 and 3.
Set 2A is unfavorably oriented with the rock slope, and forms the head scarp that
developed after the 2011 rock slide. It forms plane shear failures. Set 2B forms
wedge failures with set 3. Set 3 forms wedge failures with set 2, and has similar
orientations to shear zones 1 and 2. Set 4 is favorably oriented for slope stability,
but forms a release joint for plane shear failures in sets 2 and 5, and forms wedge
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FIGURE 3-5: SLIDE 1 STRUCTURES PLOTTED, WITH THE PLANAR FAILURE AREA HIGHLIGHTED. THIS
STEREONET WAS CREATED USING ROCSCIENCE DIPS SOFTWARE, AND MATCHES VERY WELL WITH
STEREONETS CREATED FROM FIELD MEASUREMENTS.

failures with sets 3 and 5. Set 5 is unfavorably oriented for slope stability and forms
plane shear failures.

Slide 2, shown in Figure 3-7 has less rock structures then Slide 1 and has
generally more favorably oriented structure with the slope face. The slope face runs
nearly parallel to the railroad tracks at this location, and has two faults that strike
parallel to the slope face. Their dips are very similar to each other, diverging
slightly. Both faults are rough and undulating, with very little infilling. Fault 1 is
slightly more weathered than fault 2, likely due to the gulley running from the top of
the slope, which intermittently fills with water during the wet season.
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FIGURE 3-6: SLIDE 2 STRUCTURES PLOTTED, WITH WEDGE FAILURE AREA HIGHLIGHTED. |IT CAN BE
SEEN THAT SLIDE 2 HAS COMPARATIVELY FEWER STRUCTURES THAN SLIDE 1.

Slide 2 also has three joint sets. Joint set 1 and 2 are orthogonal to each
other, and both have relatively low volumetric joint counts. The joints are smooth,
but not very weathered and have no infill. Set 3 has a very low volumetric joint
count, very little weathering, and moderate infilling. The joints at Slide 2 are
forming very cubic rock blocks, as seen in Figure 3-8. The vertical joint can be seen
repeated across the entire slope face.
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FIGURE 3-7: ROCK STRUCTURES AT SLIDE 2 CAN BE SEEN IN THIS
PHOTOGRAPH. ONE OF THE MAJOR STRUCTURES IN THE ALMOST
VERTICAL PLANE. ROCK BLOCKS APPEAR TO MOSTLY BE FAILING ALONG
THIS PLANE.

3.4 Slope Excavation Effects

Prior to the rock excavation at Slide 1 site, the toe of the rock slope was just
a few feet away from the railroad tracks. The space was too narrow for the access
road to go between the tracks and slope. In an effort to widen the space between the
tracks and slope, the rock slope was excavated in 2006 using explosives. In addition
to increasing the area between the railroad track and the slope, the slope was
excavated for a source of riprap and to improve the stability of the railroad slope
adjacent the creek. The excavation work in 2006 was performed using drilling and
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blasting techniques, and was completed over the course of the first half of 2006. The
existing cut slope inclination ranged from 65 to 70°. The design of the excavated cut
slope was 0.5H: 1.0V or 63°.

Observations by agency personnel indicate that slope movements began
soon after excavation work was complete. However, it was not until May 2011 that
a large rock slide occurred on the western side of the slope. Small slope movements,
measured in the field, have continued since the 2011 rock slide (51).

Blasting was also performed on Slide 2, under similar conditions. The
blasting at this site opened the many tension cracks in the slope, but otherwise
successfully excavated the slope, and created a catchment berm. The release of
pressure on the tension cracks is slowly causing them to topple-over, but the
blasting has not led to any significant problems for the railroad.

4 Methodology Applied to the Transportation
Corridor

LiDAR data collection has been performed annually at Slide 1 since the
major landslide, while optical photogrammetry was taken in 2014. Point clouds
were generated from both data sets. Field tests were conducted to compliment the
remote sensing for verification purposes. Slide 2, which does not pose a significant
threat to the railroad or access road, had optical photogrammetry taken in May 2014
but has no LIDAR data. The most recent data collection, using remote sensing and
traditional field techniques, was in May 2014, and the point clouds from that trip are
the main source of information for this analysis. The methodology is laid out in the
flowchart in Figure 4-1.

4.1 Initial Conditions Assessment

Figure 4-1 illustrates the methodology used to analyze the rockfall hazard for
the 25 mile transportation corridor. The methodology requires, a digital elevation
model was, which in this study was obtained from the National Elevation Dataset,
with a resolution of 10 meter. To narrow the focus of the search criteria, initial
conditions were chosen to represent the exposure risk. This is the risk that a
hazardous slope failure would interact with the transportation infrastructure. These
conditions were chosen to represent the corridor in question and to meet the rock
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fall hazard requirements. In general the initial conditions will include the following
three criteria: (1) a bounding area on either side of the railroad, (2) the slope angle
(59), which is an indication of the potential stability of the slope, and (3) the Height-
to-Length (H/L) ratio (60-62), which serves as an indicator of slope failure
propagation. These criteria allow the transportation agency to delineate an area from
which a slope hazard might exist and are discussed in more detail below
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FIGURE 4-1: METHODOLOGY FLOWCHART FOR DETERMINING THE HAZARD SCORE AND STABILITY
OF A ROCK SLOPE ALONG A TRANSPORTATION CORRIDOR. INSET TABLE INDICATES RELEVANT
INFORMATION FOR EACH STEP OF THE PROCESS.

The first criteria to be applied to the railroad corridor was the bounding condition.
This includes an area on either side of the railroad track that a rock slope failure
could propagate from. This criterion excludes slopes that are far enough away from
the railroad that they will not cause damage.
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The second criterion is the slope angle. This criterion selects slopes that are above
the chosen angle, within the bounded area delineated by the first criteria. Choosing a
slope angle excludes flat or very gentle terrain. This angle was based on the lowest
average friction angle of the materials at the site (59).

The third criterion is the H/L ratio, which provides the final threshold values for risk
exposure. Each pixel highlighted by the previous two criteria is analyzed for the
chosen H/L value in all directions. This effectively creates a “cone of propagation”
around each pixel. The threshold values count the number of time a pixel is crossed
by a cone from another pixel. Areas of the corridor that are steep and narrow will
see higher threshold values, because each pixel can be reached by more cones.

A medium and high exposure map was generated to highlight areas that were the
focus of additional analysis, as seen in Figure 4-2. This figure shows the 95 and 99
percent probability that a failure could happen within the 25 mile corridor.

FIGURE 4-2: A RELATIVE EXPOSURE RISK MAP FOR A TRANSPORTATION
CORRIDOR FOR ROCK FALLS AND SLIDES, BASED ON USER-CHOSEN INITIAL
CONDITIONS. A ROCK FAILURE COULD PROPAGATE TO ANY OF THE COLORED

AREAS, BUT WILL NOT NECESSARILY REACH THE TRANSPORTATION
INFRASTRIICTIIRF
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4.2 Assessment of Rock Slope Hazard

The second step of the methodology was to determine the hazard score of
the slope. This score determines the priority of remediation and can provide a first-
pass estimate of the economic cost of repair. The RHRS method is meant to be a
relative rating system, based on a large database of slopes within the United States.
Applying the system to a large inventory would allow slopes that are more
hazardous to be identified and then dealt with accordingly. Applying the RHRS to a
single slope requires a score range to indicate relative hazard. Pierson noted that
slopes with a rating of less than 300 should be assigned a very low priority, and
slopes with a rating of over 500 should be identified for urgent remedial action (4).

For this analysis, the 1991, unmodified version of the RHRS was used to
determine a rockfall hazard score. This version has basic criteria, and is not
considered as rigorous. It does, however, still gives reliable estimates of hazard, and
is the version that the Nevada Department of Transportation (NDOT) uses to assess
rock slopes. This method is also the most visual based, which is appropriate for this
study. Because of the length of the railroad corridor, it is not economically feasible
to use LIDAR or photogrammetry to determine a RHRS score.

An attempt was made to use the publicly available DEMs to determine the
RHRS scores. Because of the low resolution of these DEMs, the RHRS scoring
system would have to be modified. Only information that could be obtained through
10 meter DEMs, or through maintaining agencies, would be acceptable.
Specifically, the geologic and rock fall event categories would have to be
eliminated. The results from this modified system would then be normalized to the
unmodified score sheet, so that hazard values would be comparable to those found
through traditional field measurements. However, the RHRS, and rock fall
propagation in general, is highly sensitive to the geologic conditions of the slope,
and to the size of the rock fall event. The average size or volume of the rock fall
event is critical in determining the extent of the failure, and the amount of affecting
the transportation infrastructure. The geologic measurements are also key in
controlling whether the slope failure will occur. The high degree of sensitivity to
these parameters means that they cannot be reasonably ignored when determining
relative hazard. Thus, the RHRS scoring should be completed using a higher
resolution image than can be provided by publicly available DEMs.

For this analysis then, the use of publicly available, high-resolution ortho-
photos, as shown in Figure 4-3, which were obtained from the National Map
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Viewer, were used to determine an RHRS score. The resolution of the ortho-photos
was estimated to be at 1 meter, which is on the same scale as required by the RHRS.

- i

FIGURE 4-3: A 1 METER RESOLUTION ORTHO-PHOTO OF THE STUDY CORRIDOR IN SOUTHERN
NEVADA. THE PHOTOS COME FROM THE NATIONAL MAP VIEWER WEBSITE, WHICH IS HOSTED BY
Us GEOLOGICAL SOCIETY (USGS).

There are several categories in the RHRS that require historical information,
such as the climate conditions and the rockfall history. There is also a category that
requires knowledge of the current use of the transportation infrastructure. The
information for these categories is easily accessible from the agency in charge of the
maintenance of the infrastructure. The Rockfall Hazard Rating System Participant’s
Manual (4) was used as a guide for assigning values to the slides being examined. It
gives detailed explanations and examples for each category score. Table 4-1 below
shows the RHRS score sheet used for this analysis, along with basic information on
how values are selected.

For validation purposes, the RHRS score for Slide 1 and Slide 2 were
determined using the 2014 point clouds generated from remote sensing techniques.
This shows that the scale and imagery in the ortho-photos is close enough to
determine relative hazard scores. The RHRS does not determine exact measures of
hazard, so the slightly lower resolution scale was acceptable. The ortho-photos used
to determine the RHRS score are shown in Figure 4-4 and Figure 4-5. It should be
noted that the zoomed-in photos can look somewhat pixelated, and thus require
some interpretation. An experienced field engineer should be able to assess the
image and determine a RHRS score.
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TABLE 4-1: RHRS SCORING SHEET FOR ROCK SLOPES ALONG A TRANSPORTATION
CORRIDOR, BASED ON 1 METER RESOLUTION PHOTOGRAPH DATA. INFORMATION THAT
CANNOT BE DETERMINED FROM THE ORTHO-PHOTOS WILL NEED TO COME FROM THE

TRANSPORTATION AGENCY.

Rockfall Hazard Rating Score

Category Walue Score Remarks
i . Take the highest measurement a rock can fall from,
Slope Height [ft]
not the average
. 3 .
Ditch Effectivaness |= there a ditch or catchment present? How effective
isthe catchment?
eed = X mph, rate = trains a day, slope length=2
Average Vehicle Risk :tp k] ¥, Sop =
Site Distance [ft] M easured on the LiDAR point doud
. i i decision sight distance = [ ft [Table 5.1
Percent Decizion Site Distance ; . \
implementation manual
Roadway width Measured on the LiDAR point doud
Geologic Case 1:
Stuctural Condition Focusing on EI:hI'Ef.SE joint sets, I:I}ntII'II.IDIJS-ITI.E.EI'IS- .
greater than 10 ftin length [take average of joint sets)
Condition of the joint roughness, for both macro and
Rock Friction micro structures. Tale the average of all the
roushnesses of all the joint sets.
Geologic Case 2:
: . . Based on erosienal features throughout the entire
Differential Erosion Features
slope induding ov ersteepening and overhangs
. i i How quickly erosion is coouring and how is creating
Difference in Erosion Rates ;
possible rockfall features.
Rockfall Event: Choose One
. M easure on optical photogrammet oint cloud
Block Size [t] prical photog i

Block Volume [yd* 3]

[average rock block size)
M easure on optical photogrammetry point cloud
[average rock block volume)

Climate Conditions:
Precipitation

Freezing Pericd
Water on Slope
Average Climate

NOAA annual data

Average annual precipitation plus average annual
snowfall

Possible freezing periods

Amount of ime water is on the slope

Average all climate scores

Rockfall History

How many rock fall occur each year, and major
historical landslides must be included

I Total 5core
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FIGURE 4-5: ZOOMED IN ORTHO-PHOTO OF SLIDE 3 FOR GEOLOGICAL CONDITION. THE RED LINES
ARE FRACTURES IDENTIFIED IN THE SLOPE. THEY CAN BE MEASURED FOR LENGTH AND ASSESSED
FOR WEATHERING. THE YELLOW OVAL IDENTIFIES FALLEN ROCK BLOCKS. THESE CAN BE
MEASURED AND ASSESSED FOR THE “ROCKFALL EVENT” CATEGORY.

- ot e

FIGURE 4-4: ZOOMED IN ORTHO-PHOTO OF SLIDE 3. FROM THIS PHOTO, MEASUREMENTS OF "SITE
DISTANCE" AND "ROAD WIDTH" CAN BE DETERMINED FOR THE RHRS CATEGORIES.
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4.3 Application of SMR to the Transportation Corridor

Once the relative hazard of rock slope was determined, a more detailed
hazard analysis was performed. When analyzing multiple slopes at the same time,
the analysis investigated the most hazardous slope first. The SMR was then
determined for this slope.

For Slide 1, the SMR rating was determined using the 2014 remote sensing
data, at the 10 cm scale resolution. Because remote sensing data is limited to visual
interpretation, the final SMR value was not as accurate as an SMR rating
determined through field measurements. The RMR requires the uniaxial
compressive strength and the RQD for fracturing at depth. These values cannot be
determined by point cloud data, and are highly variable and site specific, so no
accepted database exists for estimating these values. In order to use remote sensing
to determine an SMR value, a more visual indicator of strength and rock mass
fracturing was required. Fortunately, the GSI can be correlated to determine the
RMR, allowing for further analysis.

The use of both LIDAR and optical photogrammetry allowed for accurate
measurements of minor structures in the rock mass. The orientations of the major
and minor structures are key to the SMR analysis. This allows for the identification
of joint sets that are unfavorably oriented with the slope face, which are of interest
in hazard analysis. The addition of color to the point clouds was vital in determining
the characteristics of the joint sets and overall conditions of the surface of the slope
face.

For the GSI results, the modified version of the GSI chart by Sonmez and
Ulusay (23) was used. The surface condition rating (SCR) and the structural rating
(SR) were the first parameters determined. The joint roughness, weathering, and
infilling were determined by the colored photogrammetry point cloud, while the
volumetric joint count was determined from the LiDAR point cloud. From these
values, the GSI values were determined. A relatively simple relationship was used
to relate the GSI to the corresponding RMR (24). The relationship used was

RMR = GSI + 5

Table 4-2 shows the how the GSI value for each of the major and minor
structures in the rock mass was determined. , The RMR was then calculated using
the correlation. The structures identified in the LIDAR point clouds have been

verified by field measurements.
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TABLE 4-2: GSI SCORE SHEET, USED TO DETERMINE AN RMR VALUE. THE STRUCTURAL
INFORMATION SHOULD BE EXTRACTED FROM REMOTE SENSING POINT CLOUDS.
PHOTOGRAMMETRY CAN BE USED TO DETERMINE SCR AND SR VALUES.

Dip
Direction
SlopeFace
Setl
Set2
Set3 SCR = Rr+Rw+Rf SR =-17.5%In{lv+73.8 RMR =G51+5
Set4
Sets

Roughness Weathering Infilling  Surface Condition  Velumetric  Structural Structural

Dip Rating (Rr) Rating (Rw) Rating (Rf) Rating (SCR) Joint Count (Jv} Rating (SR) Condition

G5l RMR

From the RMR, the SMR was found with four adjustment factors. The
adjustment factors were based on the orientation of joint sets to the slope face, and
were ranked from ‘very favorable’ to ‘very unfavorable.” Factors one and two have
relationship equations, while factor three is determined directly from the Bieniawski
(1976) RMR chart. Factor four is based on the method of excavation for the slope.
The main excavation method assumed by the SMR method was blasting, and it
gives ratings according to the proficiency of the blasting work. There is also a rating
for mechanical excavation, and unaltered slopes.

Only the structures that are unfavorably oriented with the slope face were
considered while calculating the SMR value, because the favorably oriented
structures will not contribute to failure propagations (63). The final SMR value is
calculated for both planar and toppling failures, and is assigned a class number. This
was done for each structural feature. There are five classes, with two subclasses in
each main class. The classes indicate the overall stability of each joint set, potential
failure modes to expect, and possible support solutions, as seen in Table 4-3.

The calculations of the SMR along the transportation corridor for three rock
slides along are provided in Chapter 6.

TABLE 4-3: SMR CLASS NUMBERS AND DESCRIPTIONS (29). THESE DESCRIPTIONS CAN BE USED
‘TO DETERMINE STABILITY AND POSSIBLE SUPPORT MEASURES FOR ROCK SLOPES.

Class no. v v I I I

] a b a ] a b a b a
SMR 0-10 11-20 21-30 31-40 41-50 51-60 61-70  71-80 R1-90  91-100
Description  Very bad Bad Normal Good Very good
Stability Completely unstable Unstable Partially stable Stable Completely stable
Failures Large planar or soil-like Planar or large wedges ~ Some joints or many wedges  Some blocks None
Support Re-excavation Important/corrective Systematic Occasional None
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In addition to identifying the structures and discontinuities in the rock mass,
the remote sensing point clouds were valuable in determining factors of safety for
rock slopes. This was done by first converting the LiDAR, shown in Figure 4-6 for
Slide 1, or photogrammetry, shown in Figure 4-7, also for Slide 1, into a HRDEM.

FIGURE 4-6: TERRESTRIAL LIDAR POINT CLOUD OF STUDY SITE SLIDE 1. THE RAILROAD CAN BE
SEEN AT THE TOE OF THE SLOPE. THERE IS A HOLE IN THE IMAGE INDICATED WHERE THE LIDAR
SCANNER COULD NOT SEE, BECAUSE OF A CHANGE IN THE ANGLE OF THE SLOPE.

FIGURE 4-7: OPTICAL PHOTOGRAMMETRY POINT CLOUD OF STUDY SITE SLIDE 1. A SMALLER AREA IS
MODELED, BUT THE COVERAGE IS MORE COMPLETE THAN THE LIDAR POINT CLOUD.

The resolution of the HRDEMSs (Figure 4-8) was accurate to about ten cm,
which is significantly more accurate that the publicly available 10 m DEM. The
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HRDEMs also provided a psuedo-3D image to better visualize slope characteristics,
such as height, aspect, and spacing from transportation infrastructure. Using
visualization software such as ArcGIS can be a good way of presenting the
information obtained by remote sensing to state DOTSs. Creating a hazard map based
on LiDAR or optical photogrammetry point clouds is also an efficient way to
quantify where the hazards are greatest and remediation is necessary.

FIGURE 4-8: HRDEM OF THE STUDY SITE, SLIDE 1, IN SOUTHERN NEVADA.
THE RESOLUTION OF THE HRDEM IS 10 CM. THE ELEVATION INCREASES FROM
LIGHT GREEN TO DARK RED. THE HIGH RESOLUTION DATA CAPTURED FROM
REMOTE SENSING RESULTS IN VERY DETAILED MODELS. WHERE INDIVIDUAL

The SMR value for each joint set also gives the possible failure modes for
the joint set. The SMR class is separated into three failure modes (1) planar, (2)
toppling and (3) wedge failures. The charts associated with the SMR system,
however, do not give estimates of the factor of safety for the failure modes.

From the HRDEMs, slope profiles were extracted and imported into a failure
modeling software for analysis (Figure 4-9). One such program is RocScience that
can be used to evaluate the failure modes identified by the SMR system. RocScience
has different modules for different failure methods, including the necessary
toppling, wedges, planar, and rock fall failure models, among others. The properties
of the rock slope can entered in the RocScience suite of software programs. The
modules Swedge, for wedge failures, and RocPlane, for planar failures, can be used
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for determining the factor of safety of the rock slopes. The module RocFall can also
be used for modeling the propagation of potential rockfalls on the slopes.

FIGURE 4-9: HIGH RESOLUTION SLOPE PROFILE MEASURED FROM THE REMOTE
SENSING HRDEM, MODELED IN ROCSCIENCE ROCFALL. THE SMALL
CATCHMENT DITCH AT THE TOE OF THE SLOPE IS IDENTIFIED.

5 Application to a Transportation Corridor

As noted above the corridor being analyzed is along a 25 mile railroad
corridor located in southeastern Nevada. While initial attention has focused on Slide
1 due to its history of failure, there is also concern of possible failures along the rest
of the corridor. Because the terrestrial laser scanning was performed using a static
scanner, it would take time and effort to collect the remaining LiDAR and optical
photogrammetry data for the entire 25-mile corridor.

Fortunately, the evaluation techniques of RHRS, GSI, and SMR can be
applied to the transportation corridor. There are, however, some categories in each
system that prevents direct calculations such as those performed for with high-
resolution point clouds from remote sensing. So instead, a test site must be
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inspected in great detail, with remote sensing techniques, so that the data collected
can be “scaled up” and applied to all areas in the corridor.

In order to apply the conditions at the test site to the entire corridor,
conditions must be the same or very similar to those found at test slide locations.
This refers to both the geology and geomorphology of the corridor. In terms of
topography, the entire transportation corridor is similar; steep, rocky slopes closely
spaced to a railway. The climatological conditions will not vary over such a small
area, and the same standards for maintenance are in effect throughout the
transportation corridor. Historical data was obtained for the corridor in the same
manner it was for the test site.

In terms of geology, it is similar throughout the canyon, consisting of
volcanic tuff deposits, although the composition of the tuffs varies as do the rock
strength properties. However, they are similar enough that the GSI method utilized
in the detailed analysis of the slopes should result in equitable values.

At the test sites, LIDAR and optical photogrammetry data was collected and
transformed into HRDEMSs. For the rest of the 25-mile stretch of railway, the DEMs
were gathered from public sources, resulting in diminished resolution. The standard
DEMs were not able to identify minor rock structures or all discontinuity sets.
Major rock structures, however, were able to be identified, which generally control
the overall stability of the rock mass, although minor structures can heavily
influence the types of failure that can occur as well. To overcome this limitation the
following assumption was used that the corridor is similar enough to the test site,
the structural discontinuities seen there can be extrapolated and applied to the other
rock slopes.

This method obviously has some limitations, but is, in the end, only an
estimate of the hazard rating for the transportation corridor. The model would have
to be reworked for major changes in geology and topography. Thus, the model can
be adjusted and fitted to work in many locations, as long as there is one test site with
remote sensing data to begin from.

The methods above do not apply to soil slopes, and are limited to slopes with
a RMR value about 20.

41



6 Results

The hazard rating method was applied to three slopes within the
transportation corridor, Slide 1, Slide 2, and Slide 3 as seen in Figure 6-1. Slides 1
and 2 were visited in 2014, and had remote sensing data collected on them. Slide 3
was chosen at a later data to emphasis the methodology. Slide 1 is the most
important rock slide because of the reactivation of the rock slide in 2011and is the
most hazardous location along the railroad corridor, with the greatest risk of failure
impacting the transportation infrastructure. Slide 2 also underwent blasting
excavation, increasing the relative hazard for the slope but having small rock falls
presented a much lower rick to the railroad. In addition, a berm was constructed
along the slide that contained much of the failed rock mass. Slide 3 was chosen
because it is located within the high exposure risk zone delineated by the initial
conditions. Each slide was analyzed using the method outlined in Figure 4-1.

FIGURE 6-1: LOCATION OF THE THREE STUDY SITES ALONG THE
TRANSPORTATION CORRIDOR.
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6.1 Assessment of Initial Conditions

This first step of the methodology was to assess the initial conditions for risk
assessment. These conditions are specific to the transportation corridor, and will
narrow the search area from the entire corridor to high risk segments.

The first condition assessed therefore was the bounding area of interest, or the
distance from the railroad to the top of a possibly failing slope. For this study, the
bounding area was set to one mile on either side of the railroad, as seen in Figure
6-2. This allows for the inclusion of large, long propagating, failures, though they
are not expected based on historical data along this corridor.

0 10
B N sk

FIGURE 6-2: ONE MILE BOUNDING AREA ON BOTH SIDES OF THE RAILROAD
TRACK ALONG THE TRANSPORTATION CORRIDOR.

The second condition assessed was the slope angle. This allows for the
exclusion of flat or gently sloping terrain. In this way, it was possible to focus solely
on very steep slopes or cliff faces, or to create a broad range for a high inclusion
rate. For this corridor, a slope angle of 30° was selected (Figure 6-3). This value is
in agreement with other values in literature for similar rock types (64). It is also a
relatively conservative value, since it is below the average angle of repose for most
rock slopes.
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FIGURE 6-3: SLOPES WITH AN ANGLE GREATER THAN 30 DEGREES, WITHIN
THE BOUNDING AREA OF THE TRANSPORTATION CORRIDOR.

The final initial condition assessed was the height-to-length ratio, the H/L. This
ratio is a proxy for the expected propagation length of a slope failure. This is the
most difficult of the initial conditions to estimate, and it is this author’s opinion that
a very conservative value be chosen. Because propagation depends on a number of
factors, including triggering mechanisms such as rainfall and earthquakes, which are
excluded from this model, it is difficult to achieve more than a rough estimate. The
H/L proxy allows for an average, conservative value to be applied across the entire
transportation corridor. For the study area, the H/L was set at % (Figure 6-4) (65).

From these initial conditions, a final exposure risk map was generated as shown
in Figure 6-5. For the case study, medium exposure is the 95™ percentile, and the
high exposure is the 99™ percentile of risk, as seen in Figure 6-5.
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FIGURE 6-4: AREAS WITH AN H/L RATIO OF GREATER THAN 1/4, BASED
ON THE LOCATIONS IDENTIFIED BY THE PREVIOUS TWO CRITERIA.

FIGURE 6-5: FINAL RISK EXPOSURE FOR THE RAILROAD TRACKS ALONG
THE CORRIDOR.



6.2 Slide 1 Analysis

Following the methodology flowchart (Figure 4-1), and the initial conditions
described in section 6.1, the next step in the analysis of Slide 1 was to conduct a
RHRS analysis with a 1-meter ortho-photo (Figure 4-3). Table 6-1 shows the scores
for each category for the Slide 1 analysis. Section 4.2 provides an explanation of
how to determine the score from the ortho-photos.

Following the 2006 blasting operation a catchment berm was placed around
the slide. The berm’s effectiveness was determined from historical knowledge of
each site, and from the current remote sensing images of the site. The berm at Slide
1 was assessed to be moderately effective, catching most small rock falls. However,
during the large landslide that occurred in 2011, there were many rock blocks that
overcame the berm to fall on the access road and near the railway tracks. Also, the
rock blocks, and rock fall volume was relatively large at this site, making it more
difficult for the berm to effectively catch all the rock falls.

The *Site Distance’ parameter is not a category in the RHRS, and thus does
not have a score. The site distance is a measurement necessary for the calculation of
the ‘Percent Decision Site Distance’ score. Because the site distance changes for
each slope evaluated, it must be measured and recorded for validation.

The geological conditions for Slide 1, using high resolution photographs,
indicate that “Geologic Case 1” is most applicable case for Slide 1. The quality of
the photographs provided a good visual estimate the structural condition and
properties of the discontinuities of the slope. The resolution of the photographs is on
the 1 meter scale, which allows for small discontinuities and minor structures to be
identified, and for the condition of the structures to be assessed. Because Geologic
Case 1 was used, Geologic Case 2 is considered ‘not applicable.’

The “Rockfall Event” is meant as an indication of a single rockfall event.
The event can be measured by block size, in feet, or block volume, in cubic yards.
While both measurements should be taken and recorded on the score sheet, only one
value can be used in the final score calculation.

The site’s climate conditions used in the analysis are from NOAA annual
database, and the rockfall history was provided by the transportation agency. The
slope was evaluated with “intermittent water on slope,” even though there are
extended periods of time with little to no rainfall because of the possibility of water
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being trapped in the joints of the rock mass long after a rainfall event is certainly
possible especially in the winter and spring time of the year.

TABLE 6-1: RHRS SCORE SHEET FOR SLIDE 1 USING THE 1 METER ORTHO-
PHOTOS. GEOLOGIC CASE 1 WAS USED, SO GEOLOGIC CASE 2 IS IGNORED. THE
THREE CLIMATE VARIABLES ARE AVERAGED TOGETHER FOR THE CLIMATE SCORE.

EACH CATEGORY SCORE IS COMBINED TO GET THE TOTAL SCORE.

Slide 1

Rockfall Hazard Rating Score

Category Value Score Remarks
Slope Height [ft] 120 100 Height varies from 70 to 120 feet, manual says to
ope Hei
P € take the highest height from which rocks can fall.
During the main landslide, many rocks made it past
Ditch Effectiveness Maoderate 9 .g Y P
the ditch, but normally, mast rocks are caught
speed = 30 mph, rate = ~12 trains a day, slope length
Average Vehidle Risk 55 10 P P ¥, slope lengt
=300ft
Site Distance [ft] 250 - Measured on the Ortho-photo
Percent Decision Site Distance 56 34 -dECIS-IOI'I SIghF distance = 450 ft {Table 5.1
implementation manual)
Roadway width 25 41 Measured on the Ortho-photo
Geologic Case 1:
Continuous Focusing on adverse joint sets, continuous means
Stuctural Condition joints, adverse 100 greater than 10 ft in length (all joints sets are much
orientation longer)
Mostly planar Condition of the joint roughness, both macro and
Rock Friction and smooth, 2 rnlicro. I'\.nlaj-rorityI of joints are smo?th and planarr (only
some joint set 3 is smooth and undulating). Shear 2 is rough
undualation and undulation.
Geologic Case 2:
Differential Erosion Features 0 Mot Applicable
Difference in Erosion Rates 0 Mot Applicable
Rockfall Event: Choose One
Measure on optical photogrammetry point cloud
Block Size [ft] 6t 100 pucal photog Ve
(average rock block size)
Measure on optical photogrammetry point cloud
Block Volume [yd*3] 14+ 100 P P g e
(average rock block volume)
Climate Conditions: NOAA annual data
L Average annual precipitation = 10 inches, average
Precipitation Moderate 7 .
annual snowfall = 8 inches
Freezing Period Short 3 Freezing possible from December to March
Water on Slope Damp 10 Intermittent Water on Slope
Average Climate 7 Average all climate scores
Rockfall History Significant 0 Qccasional falls occur all year round, many falls or
rockfall event severe rockfall events have occurred
I Total score = 461 |
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The final score for Slide 1 is shown in Table 6-1 and comes to 461. This is
on the high side of the score range, being much closer to 500 than 300. This means
that the slope will probably not catastrophically fail in the near future, but should
receive remediation measures relatively soon.

This value was validated with field measurement taken during the 2014 data
collection. Field engineers should collect field measurements for verification
purposes while the remote sensing is being implemented.

The structural information for the slide was extracted from the point cloud
data (Figure 6-6), and verified with the field measurements.

IS 4] i e o i -
!!Eliii‘ilﬁ'&'ﬂ-* st K 'I_'—-' Vi Wig e - '---:r.'. . — T - -.‘II.'. o e
FIGURE 6-6: LIDAR AND OPTICAL PHOTOGRAMMETRY POINT CLOUDS FOR SLIDE 1 ARE

COMBINED INTO A SINGLE IMAGE. THE INTEGRATED DATA SETS PROVIDES THE BEST POINT
CLOUD FOR USE IN HAZARD ANALYSIS.
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Slide 1 has a RHRS score above the threshold value of 300 points, so a
detailed analysis should be performed. In this study the SMR method was applied to
Slide 1. Table 6-2 shows the tabulated values used in the SMR method for Slide 1.
Refer to section 4.3 for explanation on how to determine SMR score from remote
sensing.

TABLE 6-2: TABULATION OF THE GSI, RMR, AND SMR VALUES, AS WELL AS THE SMR CLASS
FOR SLIDE 1 STRUCTURES. ONLY THE STRUCTURES HIGHLIGHTED IN YELLOW ARE INCLUDED IN
THE DETERMINATION OF THE SMR CLASS FOR THE ENTIRE SLOPE.

Dip Direction Cip GSl RMR SMIR SMR Class  SMR Description
Slope Face 246 70

Fault a2 B3 43 =0 40 I Bad
Lhearl a2 20 40 45 L v Bad
Shear 2 3oz 75 52 57 47 ] Mermal
Shear 3 112 7 52 57 45 I Mormal

Fetl 203 40 43 =0 38 v Bad
Set 24 230 B8 32 37 23 i Bad
Set 2B 203 55 35 44 26 I Badd

Setd 200 78 33 38 28 I Bad

Set d 125 58 7 L 28 v Bad

S5et5 268 33 52 57 41 I Mermal

unfavorably oriented

For Slide 1, the excavation is being classified as ‘deficient blasting.” This is
because it appears that the blasting was performed with very poor adequate pre-
splitting to minimize disturbance to the remaining slope. Since the blasting
occurred, there has been continuous small rock falls, which indicates that the slope
is still highly fractured and unstable. Deficient blasting is a negative adjustment to
the SMR rating because it often contributes to the stability issues of the slope.

The stability of the slope is determined using the SMR evaluation of the
unfavorably oriented joint sets. In this instance, there are six unfavorable sets,
though the favorable sets were also calculated. Overall, Slide 1 is “Normal-to-Bad”,
which means the slope is at best, only partially stable. Another large failure could
possibly occur, in addition to the continuing small rock falls and block movements
already witnessed at the site. Wedge and planar failures are also possible failure
modes.

49



Because the overall determination of the stability of the slope is normal-to-
bad, step 4 of the methodology is required. The SMR indicates that there is a
possibility of multiple types of failures, with planar and wedge failures being the
most likely to occur. The most probable failure mode given the current conditions is
a wedge-type failure. In addition to these failure modes, a rock fall analysis was
performed to determine likelihood of rocks reaching the access road or railroad.
Although the SMR does not specifically indicate those rock falls are a possible
failure, there has been continual evidence of rock falls since site monitoring began.
Figure 6-7 shows possible end locations for rock fall blocks as determined by the
Rocscience RocFall program, including the possibility that the blocks will escape
the catchment berm and land on the access road. For the current conditions, the
catchment berm is likely to catch the vast majority of possible falling rock blocks.

FIGURE 6-7: ROCKFALL PROPAGATION PATHS FOR SLIDE 1, MODELED USING
ROCSCIENCE ROCFALL. IT CAN BE SEEN THAT UNDER CURRENT CONDITIONS, NO
ROCK BLOCK ARE EXPECTED TO REACH THE RAILROAD OR SIDE ACCESS ROAD. THIS
CAN CHANGE IF LARGER ROCK BLOCKS FAIL.

The wedge failure can be modeled using the Swedge program. Figure 6-8
shows a kinematically admissible wedge formed by two joint sets with a factor of
safety less than 1.0, which means that the wedge is unstable and subject to failure.
Another failure type revealed by the SMR calculations is a planar failure, which was
modeled in RocPlane. This failure is dependent on the major structure in the rock
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mass, and there is uncertainty about the scale because of the lack of knowledge of
any rock properties at depth. Figure 6-9 shows a possible planar failure along a large
shear zone.

FIGURE 6-8: WEDGE FAILURE FOR SLIDE 1 MODELED IN ROCSCIENCE
SWEDGE. THE MOST UNFAVORABLY ORIENTED JOINT SETS WERE USED
TO CREATE THIS MODEL. THE FACTOR OF SAFETY IS LESS THAN 1.0, SO
THERE IS A SIGNIFICANT RISK OF WEDGE FAILURE.

The final step of the methodology is at the discretion of the transportation
agency responsible for the corridor. If the factors of safety for each of the modeled
failure types are estimated to be near or less than 1.0, it is the maintaining agency’s
decision whether to implement mitigation measures or to continue monitoring the
slope to determine if failure might occur. Mitigation measures can be taken,
including adding supports as proposed by the SMR calculations. Or the agencies can
choose to continue monitoring the slide without adding supports, and reevaluate the
hazard risk annually.
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Dist. to Slope Cre Upper Face Width
63.695 fi 17539 ft |

Upper Face Height | coAnale 250° T
2179 fil— Upper Face Angle 25.0
Tension CrackAngle 75.0 ©
Tension Crack
79.263 ft
Slope Height
175.000 ft

Driving Force 353122.09 Ibs/ft

Factor of Safety 0.98
Driving Force 353122.00 bsift
Resisting Force | 346556.72 |bsift
Wedge Weight |407750.27 Ibs/ft
Wedge Volume 2548 44 "3/ fi
Falure Plane Angle 60.0 © Shear Strength 2888.19 psf
Shear Resistance | 346556.72 bs/ft
Normal Force | 203875.14 |bsft
Flane Waviness 0.0°

Slope Angle 70.0 = Normal Force 203875.14 lbs/ft

FIGURE 6-9: PLANAR FAILURE MODELED FOR SLIDE 1, USING ROCSCIENCE
ROCPLANE. THE MOST UNFAVORABLY ORIENTED JOINT SETS WERE USED TO
CREATE THIS MODEL. THE FACTOR OF SAFETY IS LESS THAN 1.0, SO THERE IS
A SIGNIFICANT RISK OF PLANAR FAILURE.

6.3 Slide 2 Analysis

The initial conditions for Slide 2 are the same as for Slide 1 as discussed in
Section 6.1. Step 2 is the RHRS analysis, using the ortho-photo from Figure 4-3.
Table 6-3 shows the scores for each category for the Slide 2 analysis.

Much of the criteria have a similar rational to that of Slide 1. The berm
effectiveness was determined from historical knowledge of each site. The catchment
berm at Slide 2 is known to be very effective, catching most if not all falling rock
blocks. There is no evidence of rocks reaching the access road at this location.
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The geological conditions of the slope indicate that Geologic Case 1 is most
applicable case. The quality of the photographs gives a good visual estimate the
structural condition and properties of the discontinuities of the slope. The resolution
of the photographs is on the 1 meter scale, which allows for small discontinuities
and minor structures to be identified, and for the condition of the structures to be
assessed.

TABLE 6-3: RHRS SCORE SHEET FOR SLIDE 2 USING THE 1 METER ORTHO-PHOTOS. GEOLOGIC
CASE 1 WAS USED, SO GEOLOGIC CASE 2 IS IGNORED. THE THREE CLIMATE VARIABLES ARE
AVERAGED TOGETHER FOR THE CLIMATE SCORE. EACH CATEGORY SCORE IS COMBINED TO GET

THE TOTAL SCORE.
slide 2
Rockfall Hazard Rating Score

Category Walue Score Remarks

Slope peak is around 110 feet, manual says totake

S o Height [t] 110 100
pe HEE [rl the highest height from which rocks can fall.
) ! Cruring the main landslide, many rocks made it past
Ditch Effectiveness Good 3 h
the ditch, but normally, most rocks are caught
d= 30 h, rate= ~12 trai d =l length
Average Wehicle Risk 55 10 =pee mE, rate reins s day, sopeleng
= 2300 ft
S ite Distance [ft] 130 - Measured on the Ortho-photo
FPercent Decision Site Distance 40 81 FiEI:ISH}I'I sugm_: distance =,450ﬂ:[TEHE5'1
implementation manual)
Roadway width 25 41 M easured on the Ortho-photo

Geologic Case 1:

Continuous Focusing on adverse joint sets, continuous means
Stuctural Condition joints, adverse 21 greater than 10 ft in length [all joint set are at least
orientation this long)

— . Condition of the joint roughness, both macro and
Rock Friction osthy planar 20 micro. M ajority of joints are smooth and planar

and smooth . . . . L '
[there is some minor undu lation in some joints).

Geologic Case 2:

Differential Erosion Features - [+] Mot Applicable
Difference in Erosion Rates - o Mot Applicable
Rockfall Event: Choose One

M easure on optical photmgramm etry point cloud

Block Size [ft] 1 3 o,
[average rock block size)
. M easure on optical photgrammetry point cloud
Block Wolume [wd™ 3] e 3 .
[averaze rock block volume)
Climate Conditions: MNOAA annual data
. . Average annual precipitation = 10 inches, average
Precipitation Moderate 7 .
annual =nowfall = 8 inches
Freezing Period Short 3 Freezing possible from December to March
W ater on Slope Damp 10 Interm ittent Water on Slope

i

Average Climate Average all climate scores

Rockfall History Few Falls 3 T!1E|'E is the [H:l:as:il}nal srnflll rock fall, but there is no
history of any major landslide event=s

I Tot3l Score = 345 I
The climate conditions are from NOAA annual data, while the rockfall
history was provided by the transportation agency. The slope was evaluated with
“intermittent water on slope,” even though there are extended periods of time with
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little to no rainfall because of the possibility of water being trapped in the joints of
the rock mass long after a rainfall event is possible again in the winter and spring
time of the year.

The final score for Slide 2 is 349. This is on the low side of the score range,
being much closer to 300 than 500. This means that a catastrophic failure is
probably not imminent, but failure is still a possibility. Also, this is still above the
300 point threshold, so a detailed analysis should still be performed.

This value can be validated with field measurement taken during the 2014
data collection. Field engineers should collect field measurements for verification
purposes while the remote sensing is being implemented.

The point clouds generated from LiDAR and optical photogrammetry were
combined for structural analysis (Figure 6-10). Two fault structures and three joint
structures were observed.

FIGURE 6-10: LIDAR POINT CLOUD GENERATED FOR SLIDE 2. THE ROCK STRUCTURES CAN BE
EXTRACTED FROM THIS AND USED FOR ANALYSIS. THE HOLE AT THE TOE OF THE SLOPE IS DUE TO
SLOPE ANGLE CHANGES THAT THE LIDAR SCANNER COULD NOT CAPTURE. THIS AREA IS NOT
SIGNIFICANT TO THE OVERALL STRUCTURE OF THE SLOPE.

Step 3 is the detailed analysis is assessing the SMR classification, which is
provided in Table 6-4. According to the methodology flowchart, this step uses
remote sensing to determine the major structures of the rock mass and input them
into the Slope Mass Rating equation. Because only Joint Set 1 was unfavorably
oriented, it is the only classification that influences the stability of the slope in this
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TABLE 6-4: TABULATION OF THE GSI, RMR, AND SMR VALUES, AS WELL AS THE SMR CLASS
FOR SLIDE 2 STRUCTURES. ONLY THE STRUCTURES HIGHLIGHTED IN YELLOW ARE INCLUDED IN
THE DETERMINATION OF THE SMR CLASS FOR THE ENTIRE SLOPE.

Dip Direction Dip (Sl RMR SMR SMR Class  SMR Description
Slope Face i 0
Fault 1 20 30 6 o4 57 ] Mormal
Fault 2 20 23 70 3 (8 I Good
Set 1 Q a0 6l (<1 B4 n Gaod
5=t 2 a0 an 59 G G2 | Good
Sat 3 136 A1 A3 GR [5tH | Gaoid

unfavorably oriented
analysis, and it is considered “Good,” which means that the slope is relatively
stable.

In Slide 2 it also appears that adequate pre-split method to protect the final
highwall was not effective applied. However, there is minimal indication that
blasting created significant backbreak and therefore the blasting was considered
“normal” blasting, which carries an adjustment value of zero.

The analysis is complete at this point, since there is no need to conduct an
analysis for individual failure modes. The slope is considered stable, and will likely
remain that way unless triggered event such as an earthquake occurs. The analysis
can be completed at this point, and it is up to the maintaining agency to implement
support measures if they decide it is necessary to meet their safety standards. This
hazard analysis should be repeated on an annual basis to ensure there is no change
in risk to the transportation infrastructure.

6.4 Slide 3 Analysis

Slide 3 was not investigated during the 2014 field visit, and all analysis has
been performed through publicly available remote sensing images and data. There is
no site specific remote sensing or field data available. Following the methodology,
with step 1 being determined in Section 6.1, the RHRS was determined using the
ortho-photo in Figure 4-3. Table 6-5 shows the scores for each category for the
Slide 3 analysis.

Much of the criteria have a similar rational to that of Slides 1 and 2. The
berm effectiveness was determined from historical knowledge of each site. The
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berm at Slide 3 is known to be very effective, catching most if not all falling rock
blocks. There is no evidence of rocks reaching the access road at this location.

The geological conditions of the slope again indicate that Geologic Case 1 is
the most applicable case. The quality of the photographs gives a visual estimate the
structural condition and properties of the discontinuities of the slope. Only major

TABLE 6-5: RHRS SCORE SHEET FOR SLIDE 3 USING THE 1 METER ORTHO-
PHOTOS. GEOLOGIC CASE 1 WAS USED, SO GEOLOGIC CASE 2 IS IGNORED. THE
THREE CLIMATE VARIABLES ARE AVERAGED TOGETHER FOR THE CLIMATE SCORE.
EACH CATEGORY SCORE IS COMBINED TO GET THE TOTAL SCORE.

Slide 3
Rockfall Hazard Rating Score

Category Value Score Remarks
5 Height [f] 130 100 Slope peakis at least 120 feet, manual says to take
ope Hels the highest height from which rocks can fall.
Ditch Effactiveness Moderste 3 Durin.g the main landslide, many rocks made it past
the ditch, but normally, most recks are caught
d = 30 mph, rate =~12 trai d | length
Average Vehicle Risk 55 1w P e, rEte T2ins 3 f3y, slope 1Eng
=300 ft
Site Distance [ft] 350 - Measured on the Ortho-photo
. i . decision sight distance = 450 fr (Table 5.1
Percent Decision Site Distance 78 10 : .
implementation manual)
Roadway width 25 41 Measured on the Ortho-photo

Geologic Case 1:

Continuous Focusing on adwverse joint sets, continuous means
Stuctural Condition joints, adverse 1 greater than 10 ft in length {all joint set are at least
crientation this long)

Condition of the jeint reughness, both macoro and
Mostly planar

Riock Friction 15 micro. Majority of joints are smooth and undulating

and smooth .
[seme joints appear planar).
Geologic Case 2t
Differential Erosion Features - i) Mot Applicable
Difference in Erosion Rates - i) Mot Applicable
Rockfall Event: Choose One
Block Size [ft] 2 9 Measure on ortho-photo (average rock block size)
Block Velume [yd"3] 3 3 Measure on ortho-photo (average rock block volume)
Climate Conditions: NOAA annual data
Average annual precipitation = 10 inches, average
Precipitation Moderate 7 & P : P ! &
annual snowfall = 8 inches
Freezing Period Short 3 Freezing possible from December to March
Water on Slope Damp 10 Intermittent Water on Slope
Average Climate 7 Average all climate scores
. There is the occasional small rock fall, but there is no
Rockfall History Few Falls 3 i . ,
history of any major landslide events
| Total score = 285 |
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rock structures can be identified using the 1 meter resolution images, which is
enough to assess the geological condition in terms of the RHRS criteria.

The climate conditions are from NOAA annual data, and the rockfall history
was provided by the Nevada Department of Transportation (NDOT). The slope was
evaluated with “intermittent water on slope,” even though there are extended
periods of time with little to no rainfall because of the possibility of water being
trapped in the joints of the rock mass long after a rainfall event.

The final score for Slide 3 is 285. This is below the threshold value of 300,
and the analysis can stop at this point. The slope is not considered a hazard for the
transportation infrastructure. This indicates to the maintaining agency that the slope
is not in danger of disrupting the transportation infrastructure, even in the unlikely
event the slope were to fail. Annual monitoring should still take place to assess the
risk in the future, at the discretion of the monitoring agencies.

7 Discussion and future work

7.1 Summary

The slope failure hazard rating has been determined for several locations
along the transportation corridor. It has been determined using the method described
in this study that the failure at Slide 1 has the greatest risk of impacting the railroad.
Other sites in the high exposure risk areas were analyzed, and do not pose a
significant threat to the transportation infrastructure. Table 7-1 compiles all the
results from the case study analysis.

TABLE 7-1: FINAL RESULTS FOR ALL SLIDES ANALYZED. SLIDE 3 DID
NOT UNDERGO A SMR CALCULATION, WHICH MEANS THAT THE SLOPE IS
CONSIDERED STABLE.

Exposure Risk RHRS SMR Stability
Slide 1 High 161 Bad Partial
Slide 2 High 349 Good Stable
slide 3 High 284 NSA Stable

Overall, Slide 1 is at best, only partially stable. Another large failure could
occur at any time, in addition to the continuing small rockfall and block movements
already witnessed at the site. Slide 2 was calculated to be a “good slope,” which
means that it is stable and unlikely to fail. Slide 3 is not in danger of disrupting the
transportation infrastructure, even in the unlikely event the slope were to fail.
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7.2 Assumptions and Limitations of the method

The RHRS method is a relatively simple approach to creating hazard maps
along a transportation corridor. There were a number of assumptions that were
made, and that needed to be verified by manual field measurements. As the remote
sensing technologies continue to improve, the basis for these assumptions will
continue to be strengthened. For more accurate values, locations can be modeled
with modified versions of the RHRS and SMR systems.

One assumption that was used was the lack of any external forces on the
slope. The climate conditions were set at ‘damp,’ but that does not come into the
analysis of the slope’s safety factor. Indeed, there are a number of triggering
possibilities that could cause failure, such as earthquakes. The failure models of
Slide 1 indicate that the factor of safety is less than 1.0, so the slope is potentially
unstable and could fail. Triggers could possibly cause failure for such slopes.
Triggers can include high rainfall events, extended freeze/thaw periods, and
earthquakes. These triggers are not part of the failure models or analysis, but
agencies should be aware of the possibilities, and know the risks for such triggers to
occur.

Another assumption that was used was due to the accuracy of the remote
sensing technologies utilized. For example, no rock property information was
known at depth. Historical geologic records were consulted, but no borings or in-
situ tests were performed. In many cases this assumption can be made due to the
relatively consistent nature of areas geology, and historical knowledge of the site.

The risk exposure maps that have been created based on this data can be
directly applicable to the agencies. The maps are meant to show areas where there is
direct hazard to the transportation infrastructure, and areas that need monitoring or
remediation. The models are a predictor of possible failure locations, but do not
provide exact locations or failure modes.

This model is meant to be built upon, and there is much room for
improvement, especially in the area of characterizing rock strength properties.
While there is a good correlation between the GSI and RMR values for a rocky
slope, it would be more accurate to calculate the RMR directly. This usually
involves in-situ testing for strength and RQD. Finding a way to obtain these
parameters through remote sensing would improve the final results for individual
slopes. The deformation monitoring that was used in this case study should be
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researched in more detail. As of now, there is some concern about false negatives
skewing the results, and possibility even missing slope movements entirely. While
this was accepted for this report, the technique should be refined for more accurate
results. Using other remote sensing techniques, such as INSAR might bring
additional information to the model, including deformation and slope velocity
modeling. As remote sensing technologies improve, this model should be updated to
follow the trend.

8 Conclusions and Recommendations

A method was created that determines where the rockfall hazard risk is greatest
along a transportation corridor using remote sensing techniques. This included
publicly available data in the form of digital elevation models and ortho-photos, and
site specific techniques. Through the use of the public remote sensing data, risk
exposure maps can be created to narrow the focus from a large corridor to smaller
areas of interest.

Site specific remote sensing techniques such as LIiDAR and optical
photogrammetry allow for very detailed analysis of rocky slopes for stability and
failure. Through these techniques, several common strength characterization
methods were utilized. The methods chosen were visual based, in order to be used
with the remote sensing data. The GSI and RMR characterized the strength of the
rock slope, and the SMR characterized the stability of the rock slope. The SMR also
provided possible failure modes based on the calculated stability of the slope.
Highly accurate slope profiles, determined from the site specific remote sensing
data, can be used for failure modeling. The factor of safety for the slopes is one of
the most understood values for stability for non-engineers.

This workflow can be immediately implemented by transportation agencies. It
can be integrated into existing management programs, and used by current field
engineers.

For the corridor analyzed in this study, the corridor is considered stable, with
the worst potential for rockfalls located at the Slide 1 test site.
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