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A modified version of the Colorado Rockfall Hazard Rating System (RHRS) was created by adding several geological
and climatic factors that have been recently shown to contribute to rockfall. The modified RHRS was then used on
slopes distributed throughout the western, mountainous terrain in Colorado, including sites where only cut slopes
were rated and sites where both the cut portion and the higher, uncut portionwere both judged to contribute to the
rockfall hazard. In total, 355 slopeswere rated: for crystalline rocks,147 cut slopes and77 total slopes, for sedimentary
rocks, 43 cut slopes and 31 total slopes, and for block-in-matrix materials, 45 cut slopes and 12 total slopes.
Univariate least squares regressionwas used tofindparameters that had a statistically significant influence on the
total hazard score. This subset was then analyzed using ordinal logistic regression to rank these parameters
against one another to determine which had the most significant influence on the total hazard score. Finally,
statistically significant parameters from these regressions were analyzed using stepwise regression to obtain
predictive equations to estimate the total hazard score for each of the slope types analyzedbasedon the scoresof a
few parameters.
The stepwise regression produced equations in which the total hazard scores can be estimated from four of the
RHRSparameters, reduced from the original 12 or 18parameters, dependingon slope type,withR2 values ranging
from 68 to 82%. For some cases, equations with more terms and correspondingly higher R2 values could be
applied. Analysis of the equations identified themost important and least important parameters for each type of
slope. For all slope types, the presence of launching features and the slope aspect were important, while slope
angle, annual freeze/thaw rating, slopewater, and friction along discontinuities were not important.While not as
detailed as the full RHRS, this approach allows for a more rapid preliminary rating of rock slopes for screening-
level evaluation and it helps identify the most basic geologic factors influencing rockfall potential.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Many miles of state highways are constructed in steep terrain
where rockfall is common. In the past, state Departments of
Transportation (DOTs) and theirmaintenance crews reacted to rockfall
as it occurred by cleaning up the site and installing temporary miti-
gation structures. The development of Rockfall Hazard Rating Systems
(RHRS) has enabled state DOTs to categorize their rock slopes according
to the relative hazard as compared to other slopes. This allows them to
prioritize the most hazardous slopes along the most traveled roadways
that should receive mitigation as time and funds become available
(Pierson and Van Vickle, 1993). The system also serves as an active
inventory of general slope conditions and the change of conditions over
time.

The purpose of this study was to build upon and improve the
current RHRS in use by the Colorado Department of Transportation
(CDOT) in order to more accurately assess the factors that contribute
to rockfall. A thorough literature review was conducted on existing
RHRS from several DOTs across the country. In addition, technical

literature and research on rockfall and slope stabilitywere reviewed to
identify the most important factors that contribute to rockfall to
include in the modified system. The modification focused on
incorporating more specific or descriptive rating criteria to remove
the subjective nature from several of the categories in CDOT's current
RHRS. In addition, new components were added in order to include
several geologic and climatic factors that are recognized widely in the
literature to contribute to rockfall hazard and slope instability.

Once the modified system was created, 355 rock slopes throughout
Colorado were rated using the modified RHRS. The resulting data were
analyzed using univariate least squares regression and multivariate
ordinal logistic regression in an attempt to identify and rank the
dominating factors that contribute to rockfall in Colorado. Once these
dominating factors were identified, a multivariate stepwise regression
was used to produce predictive equations using only a few parameters
from the modified RHRS to allow for a simpler analysis of rockfall
potential in Colorado.

2. The modified RHRS

The modified RHRS contains four separate categories that con-
tribute to rockfall hazard: slope conditions, climatic conditions,
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geologic conditions, and discontinuity conditions. There is a fifth
category that is scored separately for risk, and is composed of traffic
conditions. All of the parameters are summarized in the modified
Colorado Rockfall Hazard Rating System inTable 1, and are described in
detail below. Because the RHRS was a revision of an existing system,
and because it was done for a U.S. state department of transportation,
the parameters included in the RHRS were generally those that had
been accepted and validated by other U.S. state departments of
transportation. As a result, the international literature was not
reviewed or included as exhaustively as the U.S. literature. The
descriptions or ranges of values used to define each scoring class
were selected on the basis of previous studies, where possible, or on
the authors' experience otherwise. The sensitivity of the overall score
to slight variations in these boundaries was beyond the scope of this
study, but could be an important factor affecting the overall RHRS
score.

2.1. Slope conditions

This category includes parameters that relate to the slope's
characteristics and dimensions. All of these parameters score the
likelihood of a rock reaching a roadway given a rockfall event.

2.1.1. Slope height
This parameter measures either the cut slope height or the total

slope height. Total slope height is measured from the road to the
highest point of potential rockfall source, and it includes the entire
slope beyond the right-of-way. If there is a rockfall source zone high up
on the slope beyond the cut, the total slope height is measured. If only
the cut slope is being rated, typically because of limitations in right-of-
way and access for mitigation, the maximum height of the cut is
considered.

2.1.2. Rockfall frequency
This parameter scores the frequency of rockfall that occurs at a given

site, and bases the score on the occurrence of rockfall per specific time.
This information can be obtained from DOT maintenance crews by
keeping track of how often rocks need to be removed from the roadway
at a specific site. CDOT based their scores for this parameter by
conducting drive-throughs with maintenance personnel to identify
stretches of highway that experienced frequent rockfall problems
(Stover, 1992).

2.1.3. Average slope angle
This parameter was modified from CDOT's original system, which

scored the slope angle based on the premise that higher slope angles
generate higher degrees of rock slope instability (Andrew,1994; CDOT,
1997). However, recent research by Maerz et al. (2005), shown on
Fig. 1, concluded that slopes near 30° and near 85° produced rockfall
with the largest runout distances, which would produce the most
severe consequences. Therefore, the scoring of the slope angle was

changed to reflect the chances of rockfall reaching the roadwaygiven a
rock's trajectory down various slope angles. Similar to the slope height
parameter, both the cut and natural slope angles should be recorded if
there is a rockfall source beyond the cut. The more hazardous of the
two is used for the slope angle score.

2.1.4. Launching features
CDOT's original criteria for launching features were subjective, and

a more descriptive approach was deemed necessary. The following
descriptions, which will be accompanied by photographs of each
category in the final project report, are used to describe the various
conditions of launching features that could be present on a slope:

None Indicates a relatively smooth slope, with little or no topo-
graphic variation along the slope profile.

Minor Indicates a slope profile that has small topographic/material
variations that could cause launching of boulders, such as the
presence of small ridges or benches extending b0.6 m from
the slope surface.

Many Indicates a slope profile with several topographic/material
variations that could cause launching of boulders, such as the
presence of ridges or benches extending 0.6–1.8 m from the
slope surface.

Major Indicates a highly irregular slope profile with large rock
outcrops, or the presence of large ridges or benches extending
more than 1.8 m from the slope surface.

2.1.5. Ditch catchment
The modified RHRS rates both the ditch dimension effectiveness

and the ditch shape effectiveness, replacing subjective language in
the original system with numerical criteria. The highest of the two
scores is used to rate the overall ditch catchment. The ditch
dimension effectiveness is rated by comparing actual ditch dimen-
sions to recommended Ritchie (1963) ditch dimensions (Fig. 2) using
Eq. (1).

Ditch dimension effectiveness ¼ 100� DaþWað Þ= Dr þWrð Þ
ð1Þ

Da Actual depth of the ditch.
Wa Actual width of the ditch.

Fig. 1. Consequence rating from rockfall as a function of slope angle and corresponding
average slope angle scores (modified from Maerz et al., 2005).

Fig. 2. Ritchie (1963), ditch design criteria, illustrating suitable ditch width and depth
for various slope angles and heights.
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Dr Ritchie design depth based on slope height and angle
(from Fig. 2).

Wr Ritchie design width based on slope height and angle (from
Fig. 2).

Ditch shape effectiveness is rated based on the off-shoulder slope
angle or on the presence of any barriers (Jersey barrier, rockfall fence,
guard rail) between the ditch and the road (Ritchie, 1963; Badger and
Lowell, 1992; Maerz et al., 2005; NYDOT, 2003). Table 2 can be used to
identify the class and corresponding score.

Barrett and White (1991), suggest that Colorado's steep and
severely irregular slopes often make Ritchie ditch designs inapplic-
able. Therefore, if the slope is ratedwith launching features at 81, ditch
effectiveness automatically receives a score of 81.

2.2. Climate conditions

Colorado's original system lumped together the climatic categories
of precipitation, seepage, and exposure. In this case, “exposure” refers
to the effects of freeze/thaw and direct sunlight on the slope, but in
practice, the exposure factor is not clearly defined and was not used
(Ortiz, 2006). The modified RHRS uses the following parameters:
annual precipitation, annual freeze/thaw cycles, seepage/water, and
slope aspect.

2.2.1. Annual precipitation
Annual precipitation now specifies actual amounts of rainfall and

snowfall to remove the subjectiveness from the “low, moderate, high”

criteria originally used. The average annual precipitation for a site can
be obtained from Fig. 3.

2.2.2. Annual freeze/thaw cycles
The number of freeze/thaw cycles is a new parameter included to

account for its documented effects on rockfall and rock slope
stability (Flatland, 1993; Nichol and Watters, 1983; Romana, 1988;
Moore, 1986; Eliassen and Ingraham, 2000; Senior, 1999; Arndt et al.,
2003; Mazzoccola and Hudson, 1996; Watters, 1998; Barrett and
White, 1991). Arnold et al. (1996) performed a nationwide study
using over 5000 weather stations to quantify the moist freeze/thaw
index using daily data. The moist freeze/thaw index is defined by
Lienhart (1988) as the product of the monthly percentage of days
with precipitation exceeding 0.25 mm and the number of freezing
cycle days. Freezing cycle days are defined as the annual average
number of days when the daily temperature fluctuates above and
below freezing (Lienhart, 1988). Arnold et al. (1996) tallied the
number of freeze/thaw cycles using Lienhart's (1988) freeze/thaw
index at the 5000 sites by taking the mean temperature, mean
rainfall, and moisture conditions in the upper 2.5 cm of surficial
materials over a one year period. This information was used to rate
the geographical distribution of moist freeze/thaw cycles annually
for Colorado (Fig. 4). The scoring divisions in the modified RHRS are
based on this data.

2.2.3. Seepage/water
Seepage, or the presence of water on the slope, was changed to

more descriptive adjectives rather than the original “none, some,
moderate, high.” In the event the rating is performed during a dry
season, seepage rates can still be estimated by observingwater streaks
and zones of discoloration on rock faces, which implies that seasonal
seepage does occur.

2.2.4. Slope aspect
Slope aspect is a new factor, and is based on evidence that south

facing slopes experience far more freeze/thaw cycles annually than
north facing slopes (Flatland, 1993; Mazzoccola and Hudson, 1996;

Table 2
Ditch shape effectiveness based on off-shoulder slope angle

Ditch shape effectiveness

Class 1
(score 3)

Class 2
(score 9)

Class 3
(score 27)

Class 4
(score 81)

Off-shoulder
slope angle

N30° or presence
of any barrier

21°–30° 11°–20° 0°–10°

Fig. 3. Colorado's average annual precipitation from 1961 to 1990. Map was obtained from Western Regional Climate Center (2006).
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Watters, 1998). North facing slopes are in the shademost of the day, so
they will experience the least amount of temperature variation
throughout a given day and are rated the lowest. East, west, northeast,
and northwest exposures will experience some sunshine through the
day, and are rated second to lowest. Southeast and southwest facing
slopes will experience more sunshine, and are rated second highest.
Directly south facing slopes will experience the most temperature
variations over a 24-hour period, and are rated the highest.

Slope aspect also has an influence on the establishment of
vegetation on a slope, which has an influence on erosion of block-in-
matrix slopes. Branson (1990) performed a study comparing vegeta-
tion and geomorphic processes for north and south facing slopes on
Green Mountain, near Lakewood, CO. South facing slopes experienced
more solar radiation during the day all year round. This results in
higher evaporation rates on south facing slopes, creating drier soil that
does not allow vegetation to establish. South facing slopes are
therefore characterized by more exposed soil and bedrock, more
surface runoff, and higher erosion and sedimentation rates. North
facing slopes on the other hand, experience much less evaporation
throughout the year. Therefore, vegetation becomes more established
and erosion is reduced.

2.3. Geologic conditions

The revised RHRS includes several additional geological and
discontinuity parameters in order to weight them appropriately
when compared to slope and climatic factors. Three geologic materials
are considered separately:

1. Sedimentary rock, where undercutting and differential erosion
tend to control rockfall.

2. Crystalline rock, where the rock mass inhomogeneity and fractures
tend to control rockfall.

3. Block-in-matrix materials (colluvium, glacial till, debris flow
deposits etc.), where erosion of thematrixmaterial and subsequent
raveling of the larger blocks tends to control rockfall.

Discontinuities are rated on slopes that are characterized by either
sedimentary or crystalline rocks, not for block-in-matrix slopes.
Specific rating parameters are described below.

2.3.1. Sedimentary rock: degree of undercutting
Rockfall in sedimentary rock is generally dominated by differential

erosion and weathering in various lithologies with resulting under-
cutting and failure (Vandewater et al., 2005; Shakoor, 2005). The
amount of undercutting reflects the degree of lithological variation
within a rock slope (Vandewater et al., 2005), and was found to
contribute largely to the rockfall potential for these slopes (Shakoor,
2005). This is one of the parameters rated in themodified RHRS, and it
contains specific numerical criteria to reduce subjectiveness.

2.3.2. Sedimentary rock: jar slake
Typically, undercutting in sedimentary units involves aweaker shale

unit interbedded with a more competent sandstone or limestone. For
this reason, slake durability was recommended in themodified RHRS as
a contributor to rockfall aswell (Senior,1999; Shakoor, 2005). Given that
slake durability is not feasible to measure in the field, simple 30-minute
jar slake tests canbeperformedand correlated to slakedurability indices
for shale rocks (Santi, 2006). These results provide a direct measure of
the difference inweatherability and erosion of the slopematerials. Fig. 5
illustrates the different reactions that can occurwith a jar slake test, and
their corresponding ratings.

2.3.3. Sedimentary rock: degree of interbedding
A statistical analysis was performed to identify which geologic

factors contribute the most to rockfall in the state of Tennessee
(Vandewater et al., 2005). It was found that the severity of rockfall and
the rockfall type are largely dependent on the degree of lithological
variation and the layer thickness within a rock slope (Vandewater et al.,
2005). The degree of interbedding was included in the modified RHRS
for these reasons. Themain characteristics considered are the numberof
weak interbeds within the rock slope, and their corresponding
thicknesses.

Fig. 4. Colorado's average annual freeze/thaw cycle distribution. One cycle represents a 24-hour period when the temperature fluctuates above and below freezing conditions, and the
moisture conditions in the surficial materials were sufficient to create freeze/thaw conditions. Map was derived from Arnold et al. (1996).
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2.3.4. Crystalline rock: rock character
Rockfall in crystalline rocks is largely controlled by the overall rock

mass homogeneity. The first factor, rock character, deals with specific

characteristics of metamorphic/igneous rock in Colorado. Given that
lithological variationwas found to be a dominant controlling factor for
rockfall in sedimentary rock (Vandewater et al., 2005), similar

Fig. 5. Various reactions to jar slake tests and corresponding ratings. Figure obtained from Santi (2006).
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behavior is expected to occur in crystalline rock types as well. The
rating from best to worst is as follows:

• “Homogenous/massive” implies little mineralogical or lithological
variation within the rock mass (i.e. few zones of weakness).

• “Small faults/strong veins” is self-explanatory, however it should be
noted that veins included in this category cause little loss of strength
of the rock mass (i.e. they are not major zones of weakness, but exist
in a crystallized and unweathered state).

• “Schist/shear zones b15 cm” implies zones of schistosity or fabric
within the rock mass that may contribute to instability. Small shear
zones will obviously weaken the rock mass and create avenues for
increased chemical and physical weathering.

• “Weak pegmatites/micas/shear zones N15 cm” seems to be the
dominant factor controlling large scale instability and rock slope
failures on Colorado highways based on previous events. For
example, the 2005 failure on U.S. 6 near Golden, CO, resulting in
highway closure for several months, was a result of this condition.

2.3.5. Crystalline rock: degree of overhang
Differential erosion can also lead to undercutting in crystalline rock

as weaker schist or shear zones weather back into the slope. Frequent
rockfall on the slope can also create overhanging features and unstable
conditions. Therefore, the degree of overhang is rated for crystalline
rock in the modified RHRS.

2.3.6. Crystalline rock: weathering grade
As with sedimentary rock, the degree of weathering was also

considered a major factor contributing to rockfall potential in
crystalline rock. Specific, self-explanatory definitions were used as
criteria for this parameter and reflect typical weathering grades of
crystalline rocks. It should be noted that this rating parameter takes
into account the degree of weathering of the intact rock, not the
weathering grade along the surfaces of discontinuities, which are
rated in another category.

2.3.7. Discontinuities: block size/volume
The discontinuity number and spacing largely control the mode,

size, and frequency of rockfall occurrence (Vandewater et al., 2005;
Senior, 1999; Maerz et al., 2005; Romana, 1988; Nichol and Watters,
1983; Mazzoccola and Hudson, 1996). Block size inherently gives
information on discontinuity spacing, since block size is controlled by
this characteristic (Brown, 1981). Rockfall events can be characterized
by either single blocks or by a volume of material of varying sizes. The
appropriate category should be used for the event that seems to occur
most frequently or is most likely to occur at a given site. This
information can be obtained from maintenance records or from
observations of the rock slope (i.e. multiple potentially unstable blocks
vs. one or two) (Pierson and Van Vickle, 1993). It should be noted that
while volume of rockfall is included in this rating, it is expected to
measure smaller events or the debris produced by disintegration of a
single blockwhile it is moving downslope. The entire RHRS is intended
to rate individual rockfall events and not large volume rockslides.

The block size/volume parameter is important in addressing the
degree of severity of a rockfall event. Larger blocks possess more
kinetic energy when they fall and are thus more likely to roll farther
when they reach the base of the slope, and aremore likely to end up in
the roadway (Senior, 1999; Maerz et al., 2005; Pierson and Van Vickle,
1993). Larger blocks also will cause more damage during a collision
with a vehicle. In addition, larger blocks falling down a rock face are
more likely to dislodge other blocks and result in secondary rockfall.

2.3.8. Discontinuities: number of sets
The number of discontinuity sets was added to the modified RHRS

to reflect the importance of increased infiltration, frost wedging, and
chemical weathering that occur within more broken up rock masses

(Senior, 1999; Maerz et al., 2005; Romana, 1988; Mazzoccola and
Hudson,1996; Nichol andWatters, 1983; Vandewater et al., 2005). The
more discontinuities a rock slope has, the more avenues that exist for
physical and chemical weathering to occur (Vandewater et al., 2005;
Senior, 1999; Maerz et al., 2005; Romana, 1988; Nichol and Watters,
1983; Mazzoccola and Hudson, 1996).

2.3.9. Discontinuities: persistence and orientation
The rating of persistence and orientation of discontinuities was

changed in the modified RHRS by attaching numbers from Pierson and
Van Vickle (1993) and Brown (1981), used to define continuous vs.
discontinuous persistence (N3 m and b3 m, respectively). The orienta-
tion description was clarified to define “adverse” as day-lighting out of
the slope face, and “favorable” as dipping into the slope face.

2.3.10. Discontinuities: aperture
Several authors recommend adding discontinuity aperture to an

RHRS to account for the increased chance of water infiltration, frost
wedging, and associated raveling (Senior, 1999; Maerz et al., 2005;
Romana, 1988; Mazzoccola and Hudson, 1996). Simple and measur-
able numerical values are used for this category (based, in part, on
Brown (1981)).

2.3.11. Discontinuities: weathering condition
The weathering condition of the surfaces of discontinuities was

added because several authors suggested that both physical and
chemical weathering are primary factors contributing to rockfall
(Flatland, 1993; Maerz et al., 2005; Eliassen and Ingraham, 2000;
Barrett and White, 1991; Ritchie, 1963). The strength of discontinuity
surfaces has a major influence on rockfall potential, and chemical
weathering reduces themechanical properties along the discontinuity
surfaces by reducing cohesion and friction (Piteau, 1970; Flatland,
1993; Mazzoccola and Hudson, 1996). Both chemical weathering and
hydrothermal alteration degrade the strength of the entire rock mass
(Patton and Deere, 1970; Romana, 1988). In addition, evidence of
chemical weathering implies the presence of water along the
discontinuity surfaces, which creates elevated pore pressures and
frost wedging that contribute significantly to rockfall occurrence
(Anderson et al., 1999).

2.3.12. Discontinuities: friction
The friction of discontinuities is now considered as a separate

category, with categories modified from Brown (1981). The friction
along the discontinuities is estimated by both observation and feeling
the discontinuity surfaces. Rough surfaces have distinct and sharp
asperities and a rough texture when felt by hand. Undulating implies
that the asperities have been sheared, and are more rounded and
smooth. Planar implies that there are no asperities at all, and smooth
surfaces are in contact with one another. Slickensided implies that
movement has occurred in the past resulting in the formation of
slickenlines on the discontinuity surfaces, in which case shear
strength would be reduced, potentially to the residual value.

2.3.13. Block-in-matrix: multiplier
Block-in-matrix slopes only have three parameters to rate.

However, sedimentary and crystalline rock slopes have nine rating
parameters due to the additional discontinuity parameters. There-
fore, in order to rate the geologic factors equally, all of the ratings for
the block-in-matrix parameters are multiplied by a factor of three.
This multiplier is used to avoid having rock slopes weighted more
than block-in-matrix slopes, when both could have equal rockfall
potential.

2.3.14. Block-in-matrix: block size
The block size is rated for these materials due to the fact that larger

blocks are more likely to reach the roadway. Although larger blocks
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presentmore of a hazard, it is likely that smaller blocks fall muchmore
frequently from these slopes, as it would take much less erosion of
matrix material to dislodge a 0.3 m diameter rock than a 1.5 m
diameter rock. The scoring for block size should be performed keeping
this in mind. Scores should not be assigned simply based on the
largest blocks in the slope, but rather assigned to the largest blocks
that are likely to dislodge.

2.3.15. Block-in-matrix: block shape
The TennesseeDOT (Vandewater et al., 2005) has a separate category

for rockfall caused by raveling of block-in-matrix materials. They
propose rating the block shape as it has a direct effect on whether the
rocks will be able to roll down the slope or not. For example, colluvium
or talus containing large tabular blockswill not pose as great a hazard as
a glacial deposit containing rounded boulders within the matrix
(Vandewater et al., 2005).

2.3.16. Block-in-matrix: vegetation
It is generally agreed upon that vegetation helps improve stability

of soil and block-in-matrix slopes by reducing the amount of erosion
of the matrix materials (Miller, 2003; Anderson et al., 1999; Arndt
et al., 2003). The Idaho DOT (Miller, 2003) includes a parameter for
vegetationwhen rating the potential for raveling or major debris flows
on their soil slopes. The modified RHRS uses a similar approach to rate
the effects of vegetation on these materials.

2.4. Traffic conditions

In addition to the hazard score produced by the geologic and
climatic factors described above, a risk score may be produced to
quantify the likelihood of accidents or injury should a rockfall occur.
Risk factors are related to traffic conditions. These parameters are
unchanged from CDOT's current RHRS (with the exception of rating
average vehicle risk instead of average daily traffic).

2.4.1. Sight distance
The percent decision sight distance is defined by Eq. (2):

100� Actual decision sight distance=Req0d decision sight distance

ð2Þ
Actual decision sight distance is defined as the distance on a

roadway that a 15 cm object placed on the edge of the road is visible to
a driver (Pierson and Van Vickle, 1993). Required sight distance is
tabulated in Table 3.

2.4.2. Average vehicle risk
Average Vehicle Risk (AVR) gives an idea of the amount of time a

vehicle is within the segment length of a rockfall prone area. AVR takes
into account the Average Daily Traffic (ADT, which is obtained from
the CDOT traffic data website, 2006a,b), speed limit (SL), and the

length of the slope (LS). AVR is calculated from Eq. (3) (Pierson and
Van Vickle, 1993).

AVR ¼ 100� ADTðcars=dayÞ � LSðkmÞ 24ðhrs=dayÞ SLðkm=hrÞ ð3Þ

The equation for AVR can yield numbers greater than 100, which
indicates that there ismore thanonevehiclewithin the slope segment at
any given time. The calculated AVR does not account for vehicles
travelling significantly slower than the posted speed limit, as may
happen in poor weather or during heavy traffic conditions, when
multiple vehicles may spend extended periods of timewithin the slope
segment. This is a frequent occurrence during the ski season along
Interstate 70, which is one of the single most-heavily travelled roads in
the state.

2.4.3. Number of accidents
This information was obtained from the CDOT Traffic Safety Office

(2006a,b). A database was used that listed all accidents caused by
either “rocks in roadway” or “large boulder” from January 1, 1976 to
December 31, 2004. These accidents are reported with the highway
number and milepost (to the tenth of a mile, or 150 m), allowing a
summation of rockfall related accidents at a given site.

3. Methodology for analysis of rated slopes

In 2006 and 2007, 355 slopes were rated throughout Colorado using
the modified RHRS. This dataset presented the opportunity to:
1) develop equations that could reliably predict the RHRS score, but
with substantially fewer parameters than the 18 contained in the RHRS,
and 2) interpret why certain parameters are retained as independent
inputs in the predictive equations and why other parameters are not
retained. This data was divided into the three geological materials
(crystalline slopes, sedimentary slopes, block-in-matrix slopes) and into
the types of slopes (cut slopes, total slopes, and all slopes analyzed
together). This created nine groups to be evaluated, as shown in Table 4.

Three screening steps were used to gauge the importance and
validity of each parameter. First, histograms were developed showing
the total number of slopes with each score for each parameter for each
of the nine data groupings (e.g., tabulating the number of slope
heights that scored 3, 9, 27, or 81 for crystalline cut slopes). The only
parameters retained for further analysis were those showing a wide
distribution of scores, defined as having at least two score categories
with 15% or more of the data points (e.g., if a subgroup included 100
slopes, a parameter would be retained if 85 slopes scored 3 and 15
slopes scored 9, but the parameter would be dropped if 86 slopes
scored 3 and only 14 scored 9). A narrow distribution of scores implied
that the variable being analyzed showed little variation within a
grouping, and therefore did not help to describe how differences in
each parameter control rockfall from site to site.

The second data screening step was to identify which of the
remaining hazard parameters had a statistically significant influence
on the total hazard score. Least squares regression analysis calculated
potential correlations between individual parameters and total hazard
score, indicating, for example, how well the slope height alone could
predict the total hazard score for crystalline cut slopes. Using a 95%
confidence interval, parameters producing associated P values less
than 0.05 were judged to have a significant predictive capacity for
total hazard score and were retained for further analysis.

Table 3
Required decision sight distance based on posted speed limits (Pierson and Van Vickle,
1993)

Speed limit (kph) Decision sight dist. (m)

40 114
48 137
56 160
64 183
72 206
80 229
89 267
97 305
105 1320

Table 4
Number of rated slopes evaluated statistically

Crystalline rock Sedimentary rock Block-in-matrix materials

Cut slopes 147 43 45
Total slopes 77 31 12
All slopes 224 74 57
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Finally, the remaining parameters were ranked by ordinal logistic
regression. Logistic regression allows simultaneous analysis of the
effects that a numberof variables haveon a response variable bycreating
an interpretable mathematical model to account for all of the
observations that were made (Dillon and Goldstein, 1984). Ordinal
logistic regression is a type of multinomial logistic regression designed
to analyze multiple classes of response variables that are ranked with a
specific ordering (e.g., high, medium, low, or none, some, severe)
(Hosmer and Lemeshow, 2000). Itwas used to identify the variables that
tracked most closely with total hazard score, and conversely to identify
thevariables that shouldbeamong thefirst eliminatedwhendeveloping
the final predictive equation.

Predictive equations were developed using backward elimination
stepwise regression with a 95% confidence interval. These equations
allow estimation of the total hazard score for each of the slope types
based on the scores of a few parameters instead of rating all 18
parameters (for crystalline and sedimentary slopes) or all 12 parameters
(for block-in-matrix slopes). The strength of these equationswas judged
based on the calculated R2 value, with 70% selected as a minimum
acceptable value. The value of the equation was judged based on the
reduction in number of terms and the correspondingR2. For example, an
equation requiring scoring of 4 parameters and an R2 of 78% was
consideredmore useful than an equation requiring 7 parameters with a
similar, but only slightly improved, R2 of 82%.

4. Results

The following equations were developed using the screening
statistics to initially remove parameters and the ordinal logistic and

backwards stepwise regressions to rank and incorporate the remain-
ing parameters. Examples of the quality of the predictions using the
equations are shown in Fig. 6. The system for assigning scores for each
parameter is shown in Table 1. Variables are defined as follows:

PS predicted score
SH slope height
RF rockfall frequency
AN average slope angle
LF launching features
AS slope aspect
IN degree of interbedding
RC rock character
OH degree of overhang
NS number of sets of discontinuities
PO persistence, orientation of discontinuities
AP aperture of discontinuities
WG weathering condition of discontinuities
BS block size
VE vegetation

4.1. Crystalline rocks

9-term equation, valid for both cut and total slopes

PS ¼ 248:4þ 0:90 SHð Þ þ 1:10 RFð Þ þ 1:04 ANð Þ þ 1:08 LFð Þ þ 0:97 ASð Þ
þ1:61 RCð Þ þ 1:51 OHð Þ þ 1:11 POð Þ þ 1:28 APð Þ

ð4Þn=224 R2=92%.

4-term equation, valid for both cut and total slopes

PS ¼ 408:6þ 1:44 SHð Þ þ 1:41 ASð Þ þ 2:50 OHð Þ þ 1:27 POð Þ ð5Þ
n=224 R2=71%.

4.2. Sedimentary rocks

6-term equation, valid for cut slopes

PS ¼ 277:2þ 1:67 SHð Þ þ 1:74 RFð Þ þ 1:78 LFð Þ þ 1:42 ASð Þ
þ 1:63 INð Þ þ 1:35 APð Þ ð6Þ

n=43 R2=83%.

4-term equation, valid for cut slopes

PS ¼ 340:1þ 1:88 SHð Þ þ 2:41 RFð Þ þ 1:41 ASð Þ þ 1:98 INð Þ ð7Þ
n=43 R2=68%.

4-term equation, valid for total slopes

PS ¼ 225:9þ 3:16 LFð Þ þ 4:89 PRð Þ þ 1:86 NSð Þ þ 1:81 WGð Þ ð8Þ

n=31 R2=82%.

4.3. Block-in-matrix

4-term equation, valid for both cut and total slopes

PS ¼ 277:5þ 4:40 LFð Þ þ 1:42 ASð Þ þ 1:37 BSð Þ þ 0:90 VEð Þ ð9Þ
n=57 R2=78%.

5. Discussion

The overall significance of the various parameters that are part of the
RHRS was judged by their inclusion in Eqs. (4–9) as well as their
inclusion in the other “best-fit” equations for cut slopes, total slopes, and
both that were not given above. Parameters were judged to fall into one

Fig. 6. Examples of the quality of predictive equations. Linear regression correlation line
is shown. The x-axis plots the actual measured RHRS score based on 18 parameters
recorded in the field. The y-axis plots scores attained from Eqs. (4) (top figure, R2=92%)
and (5) (bottom figure, R2=71%).
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of four groups. The first group is for parameters whose significance is
“indeterminate,” as they were almost universally dropped during the
histogram screening as having toomany valueswith a single rating. This
includes seepage/water for block-in-matrix materials, the number of
discontinuity sets for crystalline and sedimentary rocks, and ditch
catchment for crystalline rocks.

The second group is for “significant” parameters that were
included in most of the predictive equations, or were at least among
the last to be removed when paring down the number of terms in the
equations. These parameters consistently reflect the overall RHRS
score: where the parameter is high, the score is high and vice-versa.
For crystalline rocks, the significant parameters include slope height
and aspect, degree of overhang, and persistence/orientation of
discontinuities. Other slightly less important parameters include
rock character, launching features, and discontinuity aperture. For
sedimentary rocks, the significant parameters include slope height,
launching features, and degree of interbedding. Other slightly less
important parameters include rockfall frequency and slope aspect. For
block-in-matrix materials, the significant parameters include slope
aspect, launching features, block size and vegetation. It should be
noted that slope aspect and launching features are significant for all
three material types, and slope height is significant for two of the
three. Consequently, these parameters are the most important for a
rapid, preliminary indication of rockfall potential.

The third group is for “non-correlative” parameters, whichwere very
quickly dropped from the analysis due to poor correlation with overall
RHRS scores. These parameters are still important, as they add to the
overall RHRS score and they are part of the inventory of information
collected during the rating process. However, they do not clearly trend
with the overall score and are not useful in predicting the overall score.
For crystalline rocks, these parameters include annual precipitation and
freeze/thaw cycles, seepage/water, weathering grade, and discontinuity
weathering condition and friction. For sedimentary rocks, these
parameters include slope angle, annual freeze/thaw cycles, seepage/
water, degree of undercutting, jar slake, block size/volume, and
discontinuity persistence/orientation and friction. For block-in-matrix
materials, these parameters include slope height and angle, ditch
catchment, annual freeze/thaw cycles and block shape.

The final group of “intermediate” is for the remaining parameters,
which were important in some equations but not in others, which
were removed neither first nor last during the stepwise regression
process, and which could not reasonably be placed in either the
“significant” or “non-correlative” groups.

The results produced from the logistic regressions and the stepwise
multivariate regressions do support most of the additions that were
made to the RHRS, with a few exceptions. Annual freeze/thaw cycles
were non-correlative for all slope materials, as was seepage/water
(although it was indeterminate for block-in-matrix materials). Since
freeze/thaw cycles occur on virtually all of the slopes inventoried, the
process likely contributes to rockfall production on all the slopes, but
would not make the rockfall hazard rating stand out between different
slopes. The same could be true for the seepage/water parameter.

Other parameters were non-correlative for the only slope types for
which they were measured: discontinuity friction (crystalline and
sedimentary), degree of undercutting and jar slake (sedimentary),
weathering grade (crystalline), and block shape (block-in-matrix).
Therefore, for the narrow sets of conditions expressed in Colorado
rock slopes, these parameters have questionable value in distinguishing
amongst slope scores.

For the significant parameters and the equations detailed above, this
exercise illustrated that total hazard scores can be reasonably estimated
bymeasuring only four to six parameters (although higher R2 values are
obtained in equations with more parameters). While not as detailed as
the full RHRS, these equations can be used for a rapid, preliminary rating
of rock slopes for screening-level evaluation. The ability to reduce the
RHRS to fewer parameters is attributed, in part, to recognition of

independent parameters that most closely track with the overall score.
However, the reduction in number is also due, in part, to the overlap
between categories, where a single factor, such as slope angle or
discontinuity spacing, plays a part in more than one rated category. In
either case, the RHRS predictive equations have successfully identified
parameters thatmeasure somethinguniqueand important in theoverall
rating.

6. Conclusions

The statistical analyses performed for this study accomplished the
initial goals: thedominating factors controlling rock slope stability in the
Colorado Front Range have been identified and most of the additions to
the original RHRS have been justified. Predictive equations to estimate
the total hazard scores have been developed for all three slope types
(crystalline rocks, sedimentary rocks and block-in-matrix materials).
These equations can be used for rapid screening-level evaluation to
identify slopes that require a detailed rating. However, even with these
equations, engineering experience is still required in order to assess the
degree of rock slope instability and to judge the degree of interaction
between various parameters at a given slope. Therefore, the use of all or
most of the parameters in the rating system is important.
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