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1.0

Project No. 17-027G-C1

PROJECT INFORMATION

1.1
Purpose and Scope
This report presents a preliminary rockfall evaluation and mitigation study for the rockfall
potential originating from both the disturbed slopes (i.e. cut slopes) and undisturbed natural
slopes above South Midland Avenue between 27th Street and Four Mile Road in Glenwood
Springs, Colorado. As requested by the city, a cursory review of the potential rockfall hazard
was undertaken and conceptual mitigation options are presented in this report. This study was
prepared to assist the city in determining potential rockfall mitigation options for this section of
the roadway. The investigation consisted of field reconnaissance and aerial drone photography.

1.2
Site Conditions
The subject site includes South Midland Avenue between the intersections of 27th Street and
Four Mile Road. The project area consists of natural bedrock outcrops and disturbed soil slopes
above the roadway. The slopes above the road are steep with grades of 15 degrees at the
base of the slopes to vertical at the cliffs. The natural cliff areas are located about 1,000 vertical
feet above the roadway. The natural slopes between the cliffs and roadway are generally
covered with colluvial material and natural vegetation such as bushes and grasses. The natural
bedrock cliff areas are referred to as regional source areas, and the disturbed cut slopes in
close proximity above the roadway are referred to as local source areas for the purposes of this
report. Figure 1 depicts the approximate locations of features at the project site based on an
oblique image from Google Earth©.
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Regional Source Area 1

Regional Source Area 2

Regional Source Area 3

Local Source Area 3

Local Source Area 2

Rockfall Fence Barrier
Local Source Area 1

Rockfall Wall Barrier

Figure 1 - Approximate Locations of Project Features

The disturbed, cut slopes above the roadway that were created during the original construction
of South Midland Avenue consist of grades in excess of 45 degrees and are 20 to more than 50
feet in vertical height. Figure 2 presents the natural cliffs in the background and a typical cut
slope in the foreground.
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Natural Bedrock
Outcrops/Cliffs
(Regional Source Areas)

Typical Cut Slope
(Local Source Area)

Figure 2 – Typical natural cliffs and cut slopes at site

Rockfall mitigation was previously installed at select locations. A rockfall fence barrier is located
above a section of the roadway as shown on Figure 3. The fence is about 6 to 7 feet high and
about 30 feet long. A vertically faced fill wall is located along the outside edge of the roadway.
The wall is constructed with boulders, geotextile reinforcement and other fill materials. The
facing appears to be stucco or similar material. In addition, concrete blocks are located below
the cut slopes to act as a barrier to localized rockfall events from the cut slopes. Figure 3
illustrates the locations of these systems.
Rockfall Fence Barrier

Rockfall Wall Barrier

Concrete Blocks

Figure 3 – Existing rockfall barriers (Local Source Area 2)
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1.3
Site Geology
Based on review of the Geologic Map of the Glenwood Springs Quadrangle, Garfield County,
Colorado by R.M. Kirkham et al., Colorado Geological Survey, Map Series MS-38, 2009, scale
1:24,000, the cut slopes immediately adjacent to the roadway are mapped as landslide deposits
(map symbol Ql) or colluvial deposits (map symbol Qc). Both deposits consist of pebble to
boulder size material in a sand, silt and clay matrix depending on location.

The bedrock cliffs located above the roadway consist of the Maroon Formation. The Maroon
Formation consists of reddish-brown sandstone, conglomerate, mudstone, siltstone and
claystone. The mapping indicates the bedding planes dip into the slope at 48 to 54 degrees.
Similar bedding inclinations were verified during the site visit.

2.0

ROCKFALL HAZARD RATING SYSTEMS

The potential of a rock slope to produce rockfall is often evaluated using various types of
Rockfall Hazard Rating Systems. A commonly used system in Colorado is the Colorado
Rockfall Hazard Rating System (CRHRS) developed by the Colorado Department of
Transportation. This system has been used in Colorado for assessing rockfall hazard from cut
slopes in rock since the mid-1990s. This system was used to evaluate the cut slopes
immediately adjacent to the roadway at this site.

For naturally-occurring, undisturbed rock slopes, the rockfall hazard from exposed bedrock
outcrops is often evaluated by assessing the rock mass quality. The United States Geological
Survey (Harp and Noble, 1993) developed the Modified Q Rating for rock mass quality of
exposed rock outcrops (cliffs) and was used for this purpose at the project site. It is important to
distinguish between the two areas and rating systems as follows.

In general, the CRHRS system was applied only to the disturbed cut slopes, and the Q Rating
system was applied only to the bedrock outcrops on the natural slopes above the cut slopes.
More information on each of these rating systems is discussed in the following sections.
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2.1
Colorado Rockfall Hazard Rating System (CRHRS)
The Colorado Rockfall Hazard Rating System (CRHRS) was developed for CDOT as a rating
system for identifying, evaluating, and prioritizing rockfall sites in Colorado (Andrew, 1994). The
methodology is based on a rating system developed by the Oregon Department of
Transportation (Pierson et al., 1990). The CRHRS consists of two phases, designated Phase I
and Phase II. For Phase I, segments of roadways that have chronic problems with rockfall are
identified and scored based on the occurrence of vehicle accidents caused by rockfall, or
identification by maintenance personnel as rockfall-prone areas. The information gathered from
Phase I is then used to determine locations where more detailed evaluations are needed.
Under Phase I, the sites are ranked from 0 to 4 with 4 being the most active. In general, sites
ranking 3 or higher are assigned a higher priority, and are then evaluated under the more
detailed Phase II of the program.

Phase II is a site-specific rating system, further delineating, describing, and scoring individual
rockfall source areas or sites. During the Phase II evaluation, additional geologic and physical
site data are collected. The evaluation and scoring criteria are used to define distinct segments
with similar geologic, slope, and rockfall characteristics within stretches of highways. Under the
original CRHRS (1994), the rating scheme is broken up into 13 categories representing the
significant elements of rockfall that contribute to the overall hazard. The points in each category
range from 3 to 81 points with 81 being the most hazardous. A summary of the categories and
their general ratings scales for the CRHRS in use in 1997 is provided in Table 1. More detailed
definitions for each of these categories can be found in Appendix A.

The sum of all the points from each category is the overall rating for the segment of roadway.
The sites are classified according to classes based on their rating. Classes A and B are
typically considered priorities for mitigation (See Table 2). Both cost and complexity of the
problem can be considered in determining which sites are considered practical to mitigate.
Table 2 summarizes the rating scale of the CRHRS.
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Rockfall Hazard Rating System
Factor
3 points

9 points

27 points

81 points

Slope
Height

25 to 50 ft

50 to 75 ft

75 to 100 ft

>100 ft

Slope
Inclination

35° to 45°

45° to 55°

55° to 65°

>65°

Launching
Features
Ditch
Catchment

Possible

Minor

Many

Major

Good

Moderate

Limited

None

Block Size

<1 ft

1 to 2 ft

2 to 5 ft

>5 ft

Quantity of
Rockfall Event

<1 cy

1 to 3 cy

3 to 10 cy

>10 cy

Low/
None/
Favorable

Moderate/
Some/
Moderate

High/
Moderate/
Moderate

High/
High/
Adverse

Slope Profile
Case 1

Precipitation/
Seepage/
Exposure
Fractures/
Orientation

Discontinuous/ Discontinuous/ Discontinuous/ Continuous/
Random
Adverse
Adverse
Favorable

Rock Friction

Rough,
Irregular

Undulating,
Smooth

Planar

Clay Infilling,
Slickensided

Erosional
Features

Few

Occasional

Many

Extreme

Difference in
Erosion

Small

Moderate

Large

Extreme

% Site Distance

>80%

60%-80%

40%-60%

<40%

ADT

<1000

1000-5000

5000-15000

>15000

Number of
Accidents

0 to 2

3 to 5

6 to 8

9 or more

Observed
History

Few

Occasional

Many

Constant

Case 2

Geologic Characteristics
Road Information

Rank

Table 1 – Colorado Rockfall Hazard Rating System (CDOT, 1997-2003).
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Class
Rating
A
550 or higher
B
450 - 550
C
350 - 450
D
Below 350
Table 2 – Rating scale of the CRHRS (1997-2003)

2.2
Modified Q-System for Natural Rock Outcrop Evaluation
Evaluation of the rock mass quality rating for bedrock outcrops located on the natural
undisturbed outcrops and slopes above the existing cut slopes was done using a Modified Qrating system, originally adapted for evaluation of seismic rockfall susceptibility by Harp and
Noble (1993). Harp and Noble recognized that evaluating slope stability for an entire
mountainous slope, or characterizing the stability of rock slopes on a regional basis, is generally
beyond the capabilities of standard rock slope stability analyses. Therefore, the Q-Rating
System, which was previously developed by Barton et al. (1974) for tunneling support design
and cost estimation in mining, was modified to provide a relative rock mass quality rating. This
system was chosen for South Midland Avenue to rate the bedrock outcrops on the natural
slopes above the roadway. The following equation illustrates the Modified Q-Rating system
methodology:

 RQD   J r   Jw 
Q=
* * 
J
 n   J a   AF 
The six factors used to calculate Q are rock quality designation (RQD), joint set number (Jn),
joint roughness number (Jr), joint alteration number (Ja), joint water reduction (Jw), and aperture
factor (AF). Aperture factor replaces the Stress Reduction Factor (SRF) in the original Q rating
system by Barton et al. (1974). More detailed definitions for each of these factors can be found
in Appendix B. Each factor has an associated rating for varying conditions. A description of
each factor used in the modified Q system is included in Table 3. The RQD is usually measured
from core obtained from wireline drilling. When rock core is unavailable, Harp and Noble
indicated that estimation of RQD can be estimated using the following equation:

RQD = 115 – 3.3*Jv; where Jv is the total number of joints per cubic meter
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However, it is difficult to determine the number of joints per cubic meter without having some
type of three-dimensional data. For this project, RQD was determined by observation of the
joints for each outcrop and estimating an RQD value.
Rating Category
1. Rock Quality Designation
Very Poor

Rating

Notes

RQD

Where RQD is reported or measured as = 10 (including 0) a
nominal value of 10 is used to evaluate \ate Q.

0-25

Poor

25-50

Fair

50-75

Good

75-90

Excellent

90-100

2. Joint Set Number
Massive, no or few joints

Jn

RQD intervals of 5, i.e. 100,95,90, etc. are sufficient.

For intersections (3 x Jn)

0.5-1.0

One joint set

2

One joint set plus random

3

Two joint sets

4

Two joint sets plus random

6

Three joint sets

9

Three joint sets plus random

12

Four or more joint sets, random, heavily jointed,
"sugar cube", etc.

15

Crushed rock, earthlike

20

3. Joint Roughness Number

Jr

a. Rock wall contact and rock wall contact before 10 cm shear
Discontinuous joints

4

Rough or irregular, undulating

3

Smooth, undulating

2

Slickensided, undulating

1.5

Rough or irregular, planar

1.5

Smooth, planar

1

Slickensided, planar

0.5

b. No rock wall contact when sheared
Zone containing clay minerals thick enough to
prevent rock wall contact

1

sandy, gravelly or crushed zone thick enough to
prevent rock wall contact

1

4. Joint Alteration Number

Ja

φr

(approx.)

a. Rock wall contact
Tightly healed, hard, non-softening, impermeable filling, i.e..
quartz or epidote

Values of φr are intended as an approx. guide to the
mineralogical properties of the alteration products,
if present.

0.75

Unaltered joint walls, surface only

1

20-35

Slightly altered joint walls, non-softening mineral coatings,
sandy particles, clay-free disintegrated rock, etc.

2

25-30

Silty-or sandy coatings, small clay -fraction (non-softening)

3

20-25

Softening or low-friction clay mineral coatings (Discontinuities
coatings , 1-2 mm or less)

4

8-16

5. Joint Water Reduction Factor

Jw

Dry

1

Seeps present < or = to 5 gpm

.7

Well defined seeps> 5 gpm, < or = to 10 gpm

.3

Well established groundwater flow > 10 gpm

.1

6. Joint Aperture

AF

If perched or loose rocks are common, increase by one.

All joints tight

1

If pervasive joints dip out of slope, increase by one.

Most joints tight, a few open as much as 2 cm (<1 in)

2.5

Most joints tight, a few loose, open as much as 5 cm (2 in)

5

Significantly (20 percent) open, as much as 10 cm (4 in)

7.5

Greatly (60 percent) open, as much as 20 cm (8 in)

10

Gaping open, many joints open > 20 cm

15

Table 3 – General Description of Modified Q Rock Rating System (Harp and Noble, 1993).
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Overall, the lower the Q rating, the higher the potential for rockfall from bedrock outcrops. Q
ratings can vary from 0 to 400, with 0 representing the lowest quality rock (i.e. heavily fractured,
decomposing, higher potential to generate rockfall) and 400 representing the best quality rock
(i.e. an intact rock that is structurally flawless, low potential to generate rockfall). Generally, a Q
rating below 1.0 indicates particularly poor-quality rock, which would be more prone to rockfall
activity, while Q ratings above 1.0 are not usually indicative of severe rockfall susceptibility.
Barton and others (1974) studied a variety of rock types to develop the Rock Mass Quality (Q)
method for mining and tunnel design. Harp and Jibson (2002) studied rockfall susceptibility and
correlated it to ranges of Q values for a variety of rock types and are presented in Table 4.

0.001–0.01
0.01–0.1
0.1–1
1–4
4–10

Descriptive Ranking
(Barton, 1974)
Exceptionally poor rock
Extremely poor rock
Very poor rock
Poor rock
Fair rock

10–40
40–100

Good rock
Very good rock

Range of Q values

Descriptive Ranking
(Harp and Jibson, 2002)
Very high rockfall susceptibility
Very high rockfall susceptibility
High rockfall susceptibility
Moderate rockfall susceptibility
Moderate rockfall susceptibility
Low rockfall susceptibility
Low rockfall susceptibility

Table 4 – Descriptive rankings for ranges of Q values.

3.0

ROCKFALL HAZARD EVALUATION

RJ Engineering conducted site visits to observe and photograph the conditions at each source
area. RJ also performed a cursory rockfall hazard evaluation for the existing cut slopes (local
source areas) and natural bedrock outcrops (regional source areas) above the roadway using
the appropriate system as discussed in section 2.0. Based on the site visit, it was determined
that the project consists of three regional source areas and three local source areas (see Figure
1 for an overview).

3.1
Regional Source Areas
Due to the very steep terrain and the potential for initiating a rockfall event, we utilized a remote
aerial drone to observe and photograph the bedrock outcrop source areas. Figure 4 presents
an overview of the regional source locations as seen from South Midland Avenue.
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Regional Source
Area 1

Regional Source
Area 2
Regional Source
Area 3

Figure 4 – Regional (natural cliffs) source areas

Figures 5 – 7 depict a portion of each regional source areas. Photos were taken at an
approximate distance of 200 to 400 feet from the face.

Figures 5 and 6 – Regional Source Areas 1 (left) and 2 (right)
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Figure 7 – Regional source area 3

3.2
Local Source Areas
For local source areas (cut slopes), we determined that there are three areas that impact the
existing and proposed road alignment. Figures 8 - 10 show each of these source areas.

Figures 8 and 9 – Local Source Areas 1 (left) and 2 (right)
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Figure 10 – Local Source Area 3

Based on our field observations and photography, the regional source areas suggest there are
significant rockfall potential with boulders of up to 2 to 4 feet in diameter. Field observations
suggest that a significant amount of rockfall events with rock sizes of 4 feet in diameter or less
were contained on the existing slopes and typically do not impact the roadway. Figures 11 and
12 depict rocks that were presumed to be from rockfall events and were contained on the
existing slopes.

Figures 11 and 12 – Rocks on slopes below regional source areas (arrows)

Typically, larger rock diameters likely larger than about 4 feet in diameter could impact the
existing road alignment. It is our understanding previous rockfall events have occurred that
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impacted the roadway and residences and that these events are located at the end of Hager
Lane and near the Old Cardiff Bridge. We did identify rocks of particular size and orientation
that could dislodge and impact the roadway at the regional or local source areas. Potentially
unstable rocks identified in drone photography are shown in Figures 13 and 14. The rocks
illustrated are located within regional source area 2. Close inspection of these rocks should be
performed. This would require traffic control and safety crews to be situated on Midland Avenue
to protect the travelling public from inadvertent rockfall events.

Figures 13 and 14 – Potential unstable rocks indicated with arrows
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3.3
Rockfall Hazard Rating Evaluations
We utilized the Colorado Rockfall Hazard Rating System (CRHRS) to evaluate the three local
source areas (cut slopes). Our evaluations are included in Table 5. In general, the CRHRS
ratings for these slopes would fall into Class D. Typically, Class D slopes would be a low
priority for rockfall mitigation. The overall D rating for the subject site is partially due to the
relatively small rock size and the shorter slope heights. However, we understand retaining walls
are planned at the base of these slopes. Retaining walls at the base of these slopes would
result in a launching point for rockfall events.

Factor
Slope Height
Slope Inclination

Rank at Each Location
Local Source
Local Source
Local Source
Area 1
Area 2
Area 3
9
3
3
81
81
81

Launching Features
Ditch Catchment
Block Size
Quantity of Events
Precipitation
Erosional Features

3
3
27
3
9
9

3
9
9
3
9
9

3
9
9
3
3
3

Difference in Erosion
% Site Distance
ADT
Number of Accidents
Observed History

9
3
27
3
27

9
3
27
3
27

3
9
27
3
9

Rating

213

195

168

Class Rank

D

D

D

Table 5 – Colorado Rockfall Hazard Rating

For the natural rock outcrops (regional sources), we divided the site into three separate source
areas. We evaluated each source area using the Modified Q-System rating. The evaluation
was based on observations made at safe accessible areas of the outcrops and drone
photography. Table 6 presents the rating each source area. The ratings indicate that regional
source area 2 is of relatively poor-quality rock and would be more prone to rockfall events as
compared to source areas 1 and 3.
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Rank at Each Location
Regional
Regional
Regional
Source Area 1 Source Area 2 Source Area 3
70
55
60
4
12
9
1
1
1
2
3
2

Joint Water Reduction
Joint Aperture

1
2.5

1
5

1
2.5

Rating

3.5

0.3

1.3

Table 6 – Modified Q-System Rating

4.0

MITIGATION OPTIONS

Rockfall hazard mitigation can be accomplished with several techniques. The appropriate
mitigation option(s) are selected based on accessibility of the site, potential size of events and
cost. Typical mitigation techniques include:
•
•
•
•
•
•

Scaling
Rock Bolting
Injected Polyurethane Resin
Draped Mesh
Attenuators
Rockfall fence, wall and berm barriers

Discussions of recommended mitigation systems for the local (cut slopes) and regional (cliff)
areas are discussed below.

4.1
Local (Cut Slope) Source Areas
Based on our rating of the local (cut slope) source areas immediately above South Midland
Avenue using the CRHR System developed by CDOT, the subject sites were rated less than
350 (See Table 5). Based on CDOT rating criteria, these sites would rate as a Class D site.
Class A, B and C rated sites are generally considered to have more rockfall hazard as
compared to a Class D site. However, a Class D rating indicates a potential for rockfall is
present at the site.
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We understand walls are planned at the base of these slopes to widen the roadway platform to
allow for shoulders and a sidewalk to be constructed on the downhill side. A wall could cause a
launching point for rockfall events. Therefore, we recommend the slope above areas where
walls are planned be mitigated with a designed rockfall protection system.
4.1.1 Draped Mesh
Draped mesh is a commonly used cut slope mitigation option that is used in Colorado. The
draped mesh typically consists of double twist wire that is color coated and is draped over the
rock cut. Color coating is an option to blend the mesh into the rock cut. The draped mesh is
anchored at the top of slope with rock bolts. Draped mesh systems are in use at Shale Bluffs in
Pitkin County and McClure Pass. Figure 15 depicts a typical draped mesh section.
4.1.2 Barriers and Attenuators
Rockfall barrier and rockfall attenuator systems are designed to dissipate energy from a rolling
rock. Rockfall barriers are designed to stop rocks at a given energy and rockfall attenuator
systems are designed to reduce the energy of the rolling rock but let it migrate through the
system. Typically, the systems are set up across an active pathway chute either on the slope at
the edge of a roadway or at the top of the proposed retaining walls. Figures 15 and 16 depicts a
typical rockfall draped mesh and a typical attenuator system.

Figures 15 and 16 – Typical Draped Mesh (left) and Attenuator (right) applications
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4.2
Regional (Cliff) Source Areas
Based on rating the undisturbed natural slopes above South Midland Avenue using the Modified
Q System developed by USGS, the regional source areas were rated slightly less and slightly
greater than 1.0. Based on the Modified Q rating criteria, this site would rate as moderate to
high rockfall susceptibility from rock originating from the natural bedrock outcrops (See Table 6).
Commonly used mitigation techniques for rockfall initiating from natural slopes include: scaling
the natural outcrops and slopes, rockfall barrier fences, attenuators, walls and berms, rock
bolting and polyurethane resin injection.
4.2.1 Scaling
Natural slopes and outcrops with loose rock that can easily be rolled will benefit the most from
scaling. Scaling is an effective mitigation option, but usually only provides between 3 to 10
years of benefit before weathering and erosion necessitate more scaling. Scaling consists of
workers rolling loose rocks off the natural slopes so that the rocks roll to a lower elevation.
4.2.2 Barrier and Attenuator Systems
Rockfall barrier and attenuator systems are designed to dissipate energy from a rolling rock.
Rockfall barriers are designed to stop rocks at a given energy and rockfall attenuator systems
are designed to reduce the energy of the rolling rock but let it migrate through the system.
Typically, the systems are set up across an active pathway chute either on the slope at the edge
of an existing roadway. These systems are commonly used at locations such as Glenwood
Canyon and Georgetown Hill along Interstate I-70. Other systems such as mechanically
stabilized earth wall or berm barriers can also be used to mitigate rockfall events.
4.2.3 Rock Bolting
Rock bolt systems that are post-tensioned reinforcing systems typically provide additional
confinement load to a rock feature or rock mass and/or increase the sliding resistance of a rock
section along a discontinuity. Post-tensioned anchors are sometimes referred to as prestressed anchors. Post-tensioned anchors are divided into two separate sections along the
reinforcement element: a bond length and a free or stressing length. It is necessary to have a
free or stressing length to tension the bar against the bond length. It is also necessary to have
the bond length behind the discontinuity that is to be stabilized. These systems are typically
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tensioned to loads that range from 30 to 120 kips. The application of this system is used to
tension loose rock to the rock mass and is considered when rock is either surrounded by open
discontinuities or the fractures are of a progressive nature. This system may be particularly
effective for the individual rocks identified in section 3.1 above.
4.2.4 Polyurethane Resin Injection (PUR)
An injectable two stage polyurethane resin (PUR) can be used for rock outcrop stabilization.
Two test projects have been completed in Colorado using PUR injection with favorable results.
The use of a PUR product is not visible (such as draped mesh and/or rock bolting) and provides
a stabilization factor within the rock slope. The PUR is a pumpable material that can permeate
small cracks and apertures which act to glue the rock face together. The material that is
exposed on the surface can be peeled off as it cures and typically degrades in ultraviolet light.

5.0

SUMMARY AND RECOMMENDATIONS

5.1
Local Source Areas
As discussed in this report, the rockfall rating of the local source areas (cut slopes) based on
CDOT criteria, would rate this site as Class D. Class A, B and C rated sites are considered to
have more rockfall hazard than a Class D sites. The rockfall potential rating from the regional
source areas (rockfall susceptibility from rock originating from the natural bedrock outcrops)
above the cut slopes based on the Modified Q rating criteria would rate this site as moderate to
high.

The local source area cut slopes have potential to generate rockfall, but the overall ratings are
typically not at a threshold that would require immediate response. The exception being areas
where walls are planned at the base of the existing cut slopes. The placement of walls at the
base of the existing cut slopes would create a launching point for even small rockfall events.
We recommend draped mesh or an attenuator system be installed above all proposed cut walls.
These systems would contain materials to the slope face and prevent rocks from bounding into
the traffic lanes.

It is our understanding that scaling was performed within the past year on the cut slopes. We
recommend regular maintenance of the cut slopes include scaling operations. Scaling should be
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conducted by qualified personnel in accordance with applicable OSHA standards (i.e. Code of
Federal Regulations 1926.501 B15). Additionally, since overhead power, telephone lines and
residences are in the area, special care would need to be taken to avoid damaging poles, lines
or structures and address worker safety. Potential damage to structures and roadways as well
as public safety issues arising from scaling boulders into the road should also be addressed
prior to scaling.

5.2
Regional Source Areas
Mitigation of rockfall events originating from the regional (cliff) source areas would be
problematic. A much further detailed investigation would be necessary to evaluate and model
the potential rockfall from the regional source areas. Items that would be required to evaluate
and model the rockfall potential include:
•

Lidar mapping of the slope to create a point cloud and/or digital terrain model for
cross sections and generation of plan maps

•

Two and three dimensional rockfall modeling of the rockfall sources from the cliff
areas.

•

Evaluation and modeling of rockfall mitigation systems either on the slope or above
the roadway and structures.

Evaluation and modeling would be necessary to determine rockfall system barrier placement.
Additional study of the rock face may also lead to stabilization of the existing cliff sources
although specialty contractors would generally be required to stabilize such features.

6.0

LIMITATIONS

This study has been conducted in accordance with generally accepted geological and
geotechnical engineering practices in this area for use by the client. Undisturbed and disturbed
slope rating and evaluation methods have a certain degree of variability and subjectivity that is
inherent to the rating systems. Geologic assessment of the slopes and difficulty in accessing
the disturbed and undisturbed natural outcrops also increases the rating uncertainty. The
suggestions submitted in this report are based upon the data obtained from field
reconnaissance and use of previously developed rating systems. Geologic conditions will also
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change over time periods, so that results of the rating systems will also change of time as
slopes weather and erode.

It should be noted that rockfall and rockfall events are sporadic and unpredictable. This report
does not attempt to predict the average recurrence interval, magnitude, or location of a rockfall
events. These factors cannot be predicted with rating systems. Consequently, neither the
rockfall hazard in terms of probability of a rockfall at any specific location, nor the risk to people
or facilities to such events are assessed in this report. Furthermore, along South Midland
Avenue, rockfall can potentially occur at any time and at any location.

The report was prepared in substantial accordance with the generally accepted standards of
practice for geotechnical engineering as exist in the site area at the time of our investigation.
No warranties, express or implied, are intended or made.

Respectfully Submitted:
RJ Engineering & Consulting, Inc.

Richard D. Johnson, P.E.
Principal

Reviewed by:

Ben Arndt, P.E.
Principal
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Glossary of Terms
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Colorado Rockfall Simulation Program (CRSP) – A computer program used to simulate rockfall events
and provide information on rockfall trajectories and energies.
Crack meter – an instrument consisting of two pieces of plastic or metal, installed opposite one another
across a fracture or discontinuity. Electronic sensors detect whether the two pieces remain aligned with
one another, and when movement is detected, real-time data can be transmitted to appropriate personnel.
Draped mesh – steel mesh (several manufacturers are available) anchored at the crest of a slope that
drapes down the face of the slope to control the descent of rockfall.
Igneous rocks – intrusive or extrusive rocks formed from cooled and solidified magma or lava. Common
igneous rock types include: granite, basalt, diorite, andesite, rhyolite, and gabbro.
Infilling – The material separating the adjacent sides of a discontinuity in rock
Joint – A rock discontinuity where no displacement has occurred, often caused by tensile stresses
associated with rock cooling, removal of adjacent rock, or tectonic movements. A repetitive pattern of more
or less parallel joints is called a joint set.
Mechanically Stabilized Earth (MSE) wall rockfall barrier – MSE walls are normally constructed as
retaining walls, but can also be built as rockfall barriers. They are constructed with alternating layers of
select fill soil and reinforcing material such as steel mesh or synthetic geogrid. This allows for a wall with
vertical sides and minimal foundation requirements to be constructed.
Metamorphic rock – A rock formed from igneous, sedimentary or other metamorphic rocks, deformed by
intense heat and pressure. Common metamorphic rock types include: slate, schist, gneiss, quartzite, and
marble.
Rock slope fallout/catchment area – An area located at the base of a rock slope designed to capture and
restrict rockfalls from reaching the roadway or other facility.
Rockfall attenuator – A structure consisting of large posts set in the ground, to which some type of steel
mesh is attached at the top. Placed across a known rockfall pathway or chute, it is designed to slow down
falling rocks, and is designed to withstand impact energies of 50-400 kJ.
Rockfall barrier fence –A structure very similar to a rockfall attenuator, but with the mess (or “ring net”)
attached at the top and bottom, and designed to completely stop falling rocks from traveling any further
downslope. These are used across rockfall pathways and chutes, but also on broad slopes, and are
designed to withstand impact energies of 250 to 5000 kJ.
Rockfall hazard rating system (RHRS) – A technique for managing rock slopes and quantifying the
rockfall hazard adjacent to highways. The system provides a proactive, rational way to prioritize spending
of construction funds to mitigate rockfall hazards.
Scaling – Removal of loose rock from slopes using either manual or mechanical methods.
Sedimentary rocks – Rock formed by cementation or by pressure from overlying sediments. Common
sedimentary rock types include: conglomerate, breccia, sandstone, siltstone, claystone, shale, limestone,
chalk, and dolomite.
Slickensides – A discontinuity between adjacent rock blocks that appears polished or glossy, sometimes
with linear markings showing evidence of the orientation of past movement, such as from a fault. Not all
slickensides are caused by faulting. Slickensides can be caused by deformation (i.e., folds, flows) or
landsliding.
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CRHRS terms
Slope height – Vertical distance from the base of the slope to the top of the area that could potentially
produce rockfall.
Slope inclination – Average angle of the slope, measured from horizontal.
Launching features – Topographical irregularities in the rock slope, which could cause a falling rock to be
launched away from the slope, further out into the roadway, potentially missing any catchment area
between the base of the slope and the roadway.
Ditch catchment – An area located at the base of a rock slope designed to capture and restrict rockfalls
from reaching the roadway or other facility. The effectiveness of the catchment area is evaluated for
CRHRS rating purposes.
Block size – The estimated average size of a rock block that may fall onto the roadway within a given
section of the cutslope.
Quantity of rockfall event – An approximation of the total volume of rock that may fall if a rockfall event
were to take place within a particular cutslope section.
Precipitation/seepage/exposure – Combines three slope characteristics into one category for rating
purposes. Precipitation refers to the generalized level, compared with the whole of Colorado, per year.
Seepage within the slope is determined to be either none, some, moderate, or high. Exposure refers to the
slope aspect; south-facing exposure is adverse compared to north-facing exposure.
Fractures/orientation (igneous or metamorphic rocks only) – Designates the continuity of fractures and
joints, and whether their orientation is favorable or adverse to rockfall. Favorably oriented fractures dip
away from the road, while adversely oriented fractures dip towards the road (daylighting).
Rock friction (igneous or metamorphic rocks only) – Indicates whether the surfaces of joints and
fractures are rough, smooth, planar, or undulating.
Erosional features (sedimentary rocks/deposits only) – Refers to the presence of features with
erosional origins which may result in rockfall activity; i.e. cobbles or boulders in an eroding soil matrix, or
slopes oversteepened by erosional activity.
Difference in erosion (sedimentary rocks/deposits only) – Indicates the level of differential erosion
(where some layers of rock have eroded much faster than other layers) within the cutslope.
% Sight distance – Compares actual sight distance to the distance required for a driver to see an object
in the road and make a decision to stop or swerve. Calculated using the following equation:

% Sight Distance =

Actual Sight Distance
× 100%
Decision Sight Distance

Decision sight distance is based on the posted speed limit (Pierson and Van Vickle, 1993).
Average Vehicle Risk (AVR) –Represents the percentage of time that a vehicle will be present in the
rockfall section. Calculated using the following equation:

AVR (%) =

ADT(cars/day) x slope length (mi)
x 100%
posted speed limit (mph) x 24 (hr/day)
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Average Daily Traffic (ADT) –Quantity of vehicles passing through a section of highway per day, averaged
over one year.
Number of accidents – Total number of known rockfall-related accidents that have occurred within the
section of highway below the cutslope.
Observed history – Approximate past frequency of known rockfall events at the cutslope of interest.

Modified Q parameters
Rock Quality Designation (RQD) – An index of rock fracturing based on the number and frequency of
fractures in core samples recovered while drilling. The RQD is used for rock classification and
characterization, and is a factor used to calculate Modified Q for a rock outcrop.
Joint Set Number (Jn) – Indicates the number of joint sets (see “Joint” above) present within the rock
outcrop of interest.
Joint Roughness Number (Jr) – Indicates the degree of small-scale roughness, on average, the joints for
the rock outcrop display. Rougher joint surfaces result in higher Modified Q ratings, and correlate to fewer
rockfalls.
Joint Alteration Number (Ja) – Indicates the degree of weathering or alteration present along joint surfaces
for the rock outcrop of interest. A higher degree of weathering correlates to more rockfall events.
Joint Water Reduction (Jw) – Indicates the amount of water seepage present within the rock outcrop.
More seepage, and thus higher pore pressures, would indicate a greater potential for rockfall activity.
Aperture Factor (AF) – Designates to what degree the joints within the rock outcrop are separated or spit
apart (as opposed to closed or healed joints).

