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ABSTRACT

Mass wasting processes occur worldwide. Mass wasting is defined as the down slope
movement of rock and soil near the Earth's surface mainly due to gravity, which includes creep,
landslides, debris flows, topples, and rock falls, each with their own characteristic features, and
taking place over timescales ranging from seconds to years. Of these, landslides are known to be
one of the most hazardous in that they often cause injuries, fatalities, and tremendous property

damages.

With its western portions located on the foothills of the Rocky Mountains, Colorado
Springs, Colorado has proven to be highly susceptible to landslides which cause ongoing
destruction of numerous hillside and mesa top developments. There has been minimal effort to

produce landslide susceptibility maps for Colorado Springs, Colorado.

The goal of this study are to perform Geographic Information System (GIS)-based
landslide susceptibility analyses of a selected study area in southwestern Colorado Springs,
Colorado using - One Dimensional (1D) Infinite Slope Analysis (ISA) and - Two Dimensional

(2D) Bishop’s Simplified Method of Slices (BSMS).

This research has produced landslide susceptibility zonation maps, which, unlike those
previously developed, display relative intensity of landslide susceptibility throughout the
selected study area. The 1D and 2D methods yield comparable outputs. Both models indicate
areas within the Broadmoor Bluffs and Broadmoor Oaks neighborhoods with high probabilities
of Factors of Safety (FS) less than or close to 1.0 under three hypothetical groundwater

conditions.
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CHAPTER 1 INTRODUCTION

A landslide can be defined as the downslope movement of rock and soil near the earth’s
surface under the influence of gravity (Cruden, 1991). The severity of the consequences
associated with these processes varies significantly depending on the setting of a given landslide
event. These consequences are frequently observed as damage to infrastructure as well as human
injuries and fatalities. During a typical year in the United States, landslides are estimated to

result in $2 billion in damages and 25 to 50 deaths (Spiker et al., 2000).

The four mountainous regions within the conterminous United States that are among the
most prone to landslides are the Colorado Plateau, the Appalachian Highlands, the Coastal
Ranges of California, and the Southern Rocky Mountains (Radbruch-Hall, 1982). Colorado is
encompassed by two of these regions, namely the Colorado Plateau and the Southern Rocky

Mountains.

The Colorado Landslide Hazard Mitigation Plan was published in 1988 by the Colorado
Geological Survey (CGS) as Bulletin 48 (Jochim et al, 1988). One of the tasks undertaken by
CGS for Bulletin 48 was the preparation of a list of Colorado’s communities, areas, and facilities
most at risk from landslides (Rogers, 2003). This list consists of 49 locations statewide that are
believed to be under landslide threats of varying severity. Landslide prone areas are classified

as Tier I-111 based on hazard severity.

Rogers (2003) described the tiered system of hazard severity as follows:

1. Tier One listings are serious cases needing immediate or ongoing action or attention

because of the severity of potential impacts.

1



2. Tier Two listings are very significant but less severe; or where adequate information
and/or some mitigation are in place; or where current development pressures are less

extreme.

3. Tier Three listings are similar to Tier Two, but with less severe consequences or

primarily local impact.

With its western portions located on the foothills of the Rocky Mountains, Colorado
Springs, Colorado has proven to be highly susceptible to landslides. The CGS has designated
areas within Colorado Springs that are known to be susceptible to landslides as Tier I landslide
hazard zones (Figure 1.1). These areas are observed to have extensive areas of marginally stable

hill slopes (Rogers, 2003).

In addition to the inherent properties of the terrain (such as slope) encompassed within
the Tier | hazard zones, anthropogenic factors have significantly increased the susceptibility to
landslides. Factors introduced by the construction of new infrastructure likely compounds the
natural instabilities of many of the slopes in these areas. These factors include but are not limited
to modifications of ground (i.e., loading of potentially unstable terrain) and drainage (i.e.
irrigation). It has been documented that ground and drainage modifications can lead to wet
subsurface conditions with a high, perched groundwater table (Thurman, 2000). These

conditions frequently contribute to slope stability issues.

The presence of landslide prone areas within Colorado Springs that are in need of
ongoing attention and mitigation signifies that further investigation is needed in order to gain a

better understanding of landslide hazards in Colorado Springs (Noe et al, 2004).
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Figure 1.1 Tier I landslide hazard zone encompasses the majority of western Colorado Springs,
Colorado West of 1-25 and CO 115 (Rogers, 2002).
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The development of landslide susceptibility maps for landslide prone areas within Colorado
Springs would be of great benefit to ongoing city planning, allow for general public disclosure,
and prompt a future level of geological and geotechnical investigation that is appropriate for the

landslide hazards present (White et al., 2003).

Landslide susceptibility maps are widely utilized during resource development planning,
in land use and development planning, and in planning linear projects such as roads, railways,
pipelines, and transmission lines (Mowen, et. al.,, 2004). The primary goal of landslide
susceptibility maps is to distinguish areas that have varying potentials for slope failure and to
predict where new landslides are likely to develop by ranking the ‘relative’ stability of slopes.
There has been minimal effort to produce landslide susceptibility maps for Colorado Springs,

Colorado.

1.2 Purpose

The purposes of this study are to develop landslide susceptibility maps for a selected
study area and a general workflow for developing such maps. Unlike previously developed
landslide susceptibility maps for southwestern Colorado Springs, the maps developed during this
study will display susceptibility zonation under three different hypothetical groundwater
conditions.  These efforts will attempt to identify areas that are potentially or currently subject

to landsliding. The spatial extent of these maps will be governed by data availability.

The methods selected for this research were based on knowledge of the characteristic
features and mechanisms of observed landslides within Colorado Springs.  Landslide

susceptibility maps will be developed using the following GIS - based slope stability models:



e One Dimensional Infinite Slope

e Two Dimensional Bishop’s Modified Method of Slices

In order to facilitate landslide susceptibility analyses, a central comprehensive
geodatabase (GDB) which houses data relevant to landslide processes in western Colorado
Springs will be developed. In addition to compiling preexisting data into this GDB, new data
sets will be generated and prepared which aim to bridge data gaps for a GIS-based landslide
susceptibility study. This GDB will greatly increase the ease in which data can be located and
accessed, and will be beneficial to future landslide investigations, as well as to land use planners
and prospective home buyers. Furthermore, the structure of this GDB will serve as a foundation,

allowing for the addition, integration, and manipulation of data by future users.

1.3 Scope

This thesis presents the development of GIS-based landslide susceptibility maps of a
selected area within southwestern Colorado Springs, Colorado. These maps are not intended for
site-specific evaluations of slope stability, nor do they suggest that properties that are located
within susceptible areas are currently unstable. The intent of these maps is to provide an
indication of the overall landslide susceptibility variation throughout the selected study area that

may be used for ongoing city planning.

The scope of this work consists of the four primary tasks outlined below (further detail

provided within Methods section).

1. GDB development for this study consists of data acquisition, compilation, and development.



2. Data interpretation for this study consists of the development of a conceptual model and

slope stability model selection.

3. Geoprocessing for this study consists of One Dimensional Infinite Slope (ISA) analyses, Two
dimensional Bishop’s Simplified Method of Slices (BSMS) analyses, and Geostatistical

analyses.

4. Landslide susceptibility map validation consists of susceptibility map cross-comparison and

susceptibility map comparison with CGS map series 42.



CHAPTER 2 LOCATION OF INTEREST

The city of Colorado Springs, Colorado is located at the boundary between the Rocky
Mountains and the Great Plains. Colorado’s second-largest city has undergone dramatic
population growth during the 1990s, fueled by the growth of high-tech electronic industries
(Noe, et al, 2004). The United States Census Bureau (www.census.gov) estimates the population

of Colorado Springs in 1950 and 2000 to be approximately 45,472 and 416,427 respectively.

Figure 2.1 Map of Colorado Springs, Colorado (CGS). Study area outlined in red.



2.1 Location of Interest

Western Colorado Springs, with its hilly terrain and postcard-like vistas, has become a
desirable place to live. Whereas most early growth developments within Colorado Springs
typically avoided the foothills, these areas became increasingly built upon during the 1980s and
1990s, and continue to be built upon today (Noe, et al., 2004). Many of these new
developments are located on terrain that has since proven to be highly susceptible to landslides.
When residential structures are located on terrains which are prone to landsliding, such as within
the study area selected for this research, they may become dangerous and unlivable (Figure 2.2),

requiring condemnation and loss of the home or even entire neighborhoods (White et al, 2003).

Figure 2.2 Significant structural damage to residential structures associated with landslide
processes (Photo courtesy of the Colorado Geological Survey).

The location of interest selected for this research is located approximately two miles

south of the Broadmoor Resort within the neighborhoods of Broadmoor Bluffs and Broadmoor



Oaks (Figure 2.1, and ). The extent of the location of interest for this research is largely
governed by data availability. The coordinates of the N-S and E-W boundaries are as follows

(Nad_1983_StatePlane_Colorado_Central FIPS_0502_Feet):

N-S: 38°46° 3.62” and 38 44’ 29.64”
E-W: 104" 51° 8.86” and 104 48’ 47.1”

Within southwestern Colorado Springs, there were 487 documented house sales during
2012. The average sale price was approximately $340,000 and the median was approximately
$270,000. Within the study area specifically, Pikes Peak Association of REALTORS® suggests

the value range of the residential structures is $600,000 — $1,000,000 (www.ppar.com).

2.2 Geology

Subsurface conditions throughout western Colorado Springs consist of colluvial deposits
ranging from clay to sand overlying Pierre Shale (Figure 2.5 and 2.6). Colluvial deposits are
mobilized, transported, and subsequently deposited primarily due to gravity. Surficial deposits
throughout the study area are generally more than 5 ft. thick, but may be thinner locally (Carroll
et al., 2000).

The geologic maps covering the study area (Carroll et al., 2000 and Rowley et al., 2003) indicate
that colluvial deposits within the study area that are associated with landslide processes can be
classified as follows:

Recent landslide deposits (Late Holocene):

Includes recently active landslides with fresh morphological features such as

lateral shear zones, hummocky terrain, headscarps and slip-plane toes that have

been observed to move within the last 20 years. Recent landslides are typically



heterogeneous mixtures of unsorted, unstratified, clay, silt, sand, deformed blocks
of shale and claystone bedrock, cobble, and locally boulder gravel.

Most recent landslides occur on moderate to steep hillslopes that commonly have
north or east facing aspect. Large, reactivated landslides originally developed in
the Pierre Shale throughout the study area and are found on slopes steeper than
10 percent, but may also occur on slopes as low as 5 percent. The maximum
thickness of recent landslides is thought to be about 100 ft.

Colluvium (Holocene and late Pleistocene)

Colluvium is derived from weathered bedrock and surficial deposits and is
transported downslope primarily by gravity but sometimes partly by sheet wash.
Colluvium ranges from unsorted, uncommon pebble to cobble gravel with
occasional boulders in a sandy matrix to more common matrix-supported clayey
sand or sandy clay.

Colluvial deposits are unsorted or poorly sorted with weak or no stratification.
Deposits are usually coarser grained in upper reaches and finer grained in lower
reaches where Pierre Shale parent material is present.

Areas mapped as colluvium are susceptible to future colluvial deposition and
locally subject to sheetwash, rockfall, small debris flows, mudflows, and
landlsides.

Landslide deposits (Holocene and Pleistocene)

Highly variable deposits consisting of unsorted, unstratified clay, silt, sand,
gravel, and rock debris. Unit includes translational landslides, rotational

landslides, earthflows, and extensive slope-failure complexes with moderately to
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Figure 2.3 Aerial photography of study area in 1937 (Arthur Lakes Library at the Colorado
School of Mines).
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Figure 2.4 Aerial photography of study area in 2009 (Colorado Springs Utilities). Note extent of
development.
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Figure 2.5 Geologic map of Southwestern Colorado Springs, Colorado which encompasses study
area. The northern portion of the study area lies within the Colorado Springs quadrangle (Carroll
et al., 2000). The southern portion of the study area lies within the Cheyenne Mountain
quadrangle (Rowley et al., 2003).
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moderately well preserved geomorphic characteristics.
Pierre Shale (Upper Cretaceous)

The Pierre Shale consists of marine deposited clay shale with interbedded
sandstone, bentonite, and limestone layers. Bentonite layers are typically 1 to 3
in thick, yet have been observed to be up to 8 in thick. Unweathered Pierre Shale
is mostly dark, and weathers to yellowish and grayish brown, medium-to-high
plasticity claystone. Throughout the majority of western Colorado Springs the
Pierre Shale generally trends north-south and dips ~10° to the east (John

Himmelreich and Associates, 2001). The Pierre Shale is prone to slope

instabilities. Landslides have occurred on slopes as shallow as 5.

A

Figure 2.6 A-A’ cross section shown in Figure 2.5. Note veneer of Pierre shale residuum (Q)
overlying Pierre shale (Kp) (Carroll et al., 2000).

14
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2.3 Climate

Colorado Springs is located within a semi-arid region (Colorado Springs Utilities —
www.csu.org). The majority of annual precipitation is accumulated during spring and summer
months (). One of the main factors that affect whether a landslide will occur is hydrology (White
et al, 2003). The presence of water contributes by increasing the pore-water pressure between
soil grains or within rock structures, creating a hydraulic “lifting” effect and loss of material

(shear) strength.,

John Himmelreich & Associates (2001) suggests that groundwater may be perched on a
seasonal basis where the water is contained in the surficial soil materials on top of the lower
permeability bedrock materials below. Perched groundwater increases pore water pressure
(decreases effective normal stress), increases weathering rates of the Pierre Shale (thus reducing
its strength properties), increases the overall weight of the material, decreases shear strength by

lubricating slip planes, and lubricates clay minerals (Rowley et al., 2003).

A slope that may be stable under dry or moist conditions can suddenly become unstable
with increased moisture. Within Colorado Springs, this occurrence has been observed during the
spring months corresponding with wet winters and/or heavy spring rainfall events (White et al.,

2003).

Heavy rainfall during the spring of 1999 () led to the activation of landslides in dozens of
areas within western Colorado Springs, resulting in millions of dollars in damages and a
Presidential Disaster Declaration by the Federal Emergency Management Administration

(FEMA) (White et al., 2003),

15
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Figure 2.7 Precipitation events measured in Colorado Springs during 1999 (Carroll et al., 2000).
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2.4 Previous Investigations

Geotechnical investigations conducted by various engineering firms (listed in
References) and the CGS have suggested that sliding is occurring on slopes with grades >12%
(~7°) which are underlain by weathered Pierre Shale. It has been observed that the zone of
active weathering in the Pierre Shale, where hard, dark-gray unweathered shale changes to softer,
yellowish - to - grayish brown weathered shale, tends to define the failure zone/surface within
and along which landslides develop (John Himmelreich and Assocaites, 2001 and White et al.,
2000). Furthermore, some ground movements are observed to be largely translational, while
others are observed to be largely rotational (John Himmelreich and Assocaites, 2001 and White
et al, 2003). Observations similar if not identical to the ones presented above were encountered
during the review of 32 geotechnical investigations performed within southwestern Colorado

Springs.

In 2003 the CGS published Map Series 42: “Potential Areas of Landslide Susceptibility
in Colorado Springs, El Paso County, Colorado” (Figure 2.8). These maps are based on site
conditions that are similar to areas where landslides have previously occurred and are intended to
show areas that have geologic, topographic, and geomorphic characteristics that indicate
potential landslide susceptibility.  However, no levels of hazard assessment such as high,
medium, or low were made within the susceptibility zone. The outer boundary of this

susceptibility zone closely follows the outermost boundary of inventoried landslides.

Figure 2.8 indicates that a significant portion of the study area has been documented to
have previously undergone slope failure. Some of these slides have been thoroughly

documented and are distinguishable from others. There are extensive regions that are interpreted

17
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Figure 2.8 Map Series 42: “Potential Areas of Landslide Susceptibility in Colorado Springs, El
Paso County, Colorado” (White et al., 2003).
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to have undergone ground movement based on indicative geomorphic features such as

hummocky terrain and head scarps.
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CHAPTER 3 METHODS

This study will follow the generalized work flow shown in Figure 3.1. This chapter
outlines the methodologies used during this study. These methods include data acquisition, data

compilation, data interpretation and development, and Geoprocessing.

3.1 Data Acquisition

Data acquisition for any GIS project usually requires 70% to 90% of the time between
project initiation and completion. It is frequently a much easier task to answer the question

“How can the data be utilized?” than to answer the question “How can the data be acquired?”.

Geological, geotechnical, and land use investigations throughout western Colorado Springs
have led to a massive accumulation of qualitative and quantitative data regarding surface and
subsurface conditions. The vast majority of this data is proprietary, thus data acquisition is
concluded there are no longer viable sources (geotechnical engineering firms, CGS, Colorado
Springs Utilities) that can provide non-proprietary data. Non-proprietary data related to
landslide processes within western Colorado Springs that are required for this study are available
through various city and governmental agencies (Table 3.1). The Colorado Springs City
Planning Department, CGS, and Colorado Springs Utilities are the primary agencies that were

sourced for this study.

Quialitative data required for this study includes geological quadrangle maps, landslide
inventory maps, landslide investigation reports, and geotechnical investigation reports. These

data provide insight as to the characteristic features and mechanisms of observed landslides
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Data Acquisition

Topographic Gealogical Geologic
Maps Reports Maps
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1D Infinite
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Model Outputs

Figure 3.1 A generalized work flow illustrates the proposed standard protocol for G1S-based
landslide susceptibility investigations. Modifications to this work flow may be necessary under
different geologic conditions.
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Table 3.1 Data relevant to landslides within Colorado Springs, Colorado.

Data Source Description GDB Feature
Landslide Colorado Provide information on various
Investigation Geological landslides throughout Western PDF
Reports (8) Survey CO, Springs
7.5" Geologic Quadrangle maps
logical Col fC Ch
Geologica o} ora.do o a‘scade eyenm=t Map Sheets & File System
Quadrangle Maps Geological Mountain, Colorado Springs
. . Raster
(5) Survey and Manitou Springs
Quadrangles
Landslide Colorado Landslide inventory maps which
Inventory Maps of . document landslides which Map Sheets & File System
. Geological i
Colorado Springs, Surve have occurred in Western Raster
CO (3) y Colorado Springs, CO
hnical | igati
Geotechnincal Colorado Springs Geotechnica nvestlgatlgn
L . . Reports conducted by various
Investigation City Planning consulting firms in Western PDF
Reports (32) and Zoning &

Colorado Springs

Borehole Data

Various Sources
(listed in

Borehole documentation within

PDF & Shapefile Feature

(243) references) study area Class
10 meter DEM USGS Seamless Ten meter rt.-:'solutlon Digital File System Raster
Server Elevation Model

Two foot resolution Digital

2 2DOIEOI\E/)IS:2(1J(9)39, CoIonSt(?ﬁtizrlngs Elevation Models developed for File System Raster

’ 2009, 2005, and 2007

5 Two foot resolution aerial
Orthophotography: Colora(?k.) .Sprlngs photograPhy of Western File System Raster
1999 2005. 2007 Utilities Colorado Springs developed for
’ ’ 1999, 2005, and 2007
National

2009 NAIP Imagery Algr:::;:xe 2009 aerial photography File System Raster

Program (NAIP)

Soil Survey

Soil Data Mart

Natural Resources Conservation
Service (NRCS) soil survey of El
Paso and Teller Counties

Shapefile Feature Class

Historical Aerial
Photography: 1937

Arthur Lakes
Library

1937 aerial photography

File System Raster

within Colorado Springs and allow for the development of conceptual models upon which

modeling efforts will be based.
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Quantitative data required for this study includes geotechnical investigation reports,
subsurface borehole data, and digital elevation models (DEMSs). These data were made available
through oral communications with employees at various geotechnical firms, the CGS, and the
Colorado Springs Utilities. DEMs provide an indication of slope variation throughout the study
area. Evaluation of borehole data aims to provide insight as to the variation of engineering

strength properties of subsurface materials throughout the study area.

3.2 Software Selection
The Selection of software for this research was based largely on the current
industrial/governmental standards, availability, and interoperability. In addition to ArcGIS® 10.1

and Slide® 6.0, Microsoft Office was used extensively.

3.2.1 ArcGIS® 10.1

GIS is a computer-based system for collecting, storing, retrieving, transforming,
manipulating, and displaying spatially distributed data (De Roo, 1993). With its excellent
spatial data processing capacity, GIS has attracted great attention in natural disaster assessment
during the past several decades. Previous studies have demonstrated that GIS-based
geotechnical slope stability models can greatly ease the process of slope stability analysis
(Brabb, 1984, 1995; Carrara et al., 1991; Carrara, 1995; Aleotti and Chowdhury, 1999; Dai and

Lee, 2001; Mowen, et. al., 2004).

GIS are designed to investigate and model the spatial relationships between features and
their location on the Earth. While multiple versions of definitions exist for this term, the USGS

most accurately defines the type of GIS used in this research:
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A GIS is a computer system capable of capturing, storing, analyzing, and
displaying geographically referenced information; that is, data identified
according to location. Practitioners also define a GIS as including the
procedures, operating personnel, and spatial data that go into the system (USGS,

2007).
3.2.2 SLIDE® 6.0

In addition to GIS, there are other software packages on the market which have been
specifically developed to perform slope stability analyses. SLIDE® 6.0 is a two dimensional
limit equilibrium slope stability program used for the evaluation of the FS of circular or non-
circular failure surfaces in rock or soil slopes through the use of vertical slice limit equilibrium
methods (RocScience, Two Dimensional Limit Equilibrium Slope Stability Analysis, —

WWW.rocscience.com).

Slide® 6.0 allows the user to develop slope geometries with their associated attributes
such as depth to slide plane, groundwater conditions, tension cracks, seismic loadings, and
ground support. Additionally, Slide® 6.0 provides the user with the ability to choose which
slope stability evaluation methods are to be implemented as well as how many iterations are to

be performed.
3.3 Data Compilation

Data compilation involves the steps of assembling, organizing, and importing data into a
GDB (Figure 3.2). A GDB is the common data storage and management framework for
ArcGIS®. The development of a GDB allows for the creation of a central data repository for

spatial data and provides a central location for easy access and management (Economic and
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Social Research Institute — www.ESRI.com, 2012). For this study, the data displayed in Table
3.1 have been compiled into a GDB, which provides a formal model for storing and working
with data. Within this GDB, attribute tables such as those shown in Table 3.4 will store

information about each geographic dataset.

=1 £ EACOSPGS
# £ Colorado Springs Utilities
+ [ Geologic Quad Maps
# [ GIS
+ [ Papers and Reports
+ [ PPt, Excel, and Word
# £ Proposal
+ [ Soil Data
1 £ Topographic Maps & Hist. Aerials
=) |3 Colorade Springs LS.mdb
% DEMs
Ll Geclogic_Maps
H Imagery
B Inventory_Maps
L Inverse_Distance_Weighting
= 77 Shapefiles
= Borehole_Location
(=] Contour
(=] Profiles
("] Report_Locations
(& Study_Area
L Slope_Aspect_Hillshade

Figure 3.2 General geodatabase structure with associated files and folders.

Before data interpretation, development, and geoprocessing may proceed, these data must
be prepared. This preparation is essential to assuring that data are in similar formats that are

usable within a GIS framework. Key data preparation techniques are listed below.

1. Checking data quality: Is the data current and accurate?
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2. Converting data between formats

3. Digitizing, scanning, and georeferencing

4. Defining and projecting layers to new coordinate systems
(NAD_1983 StatePlane_Colorado_Central)

5. Merging adjacent layers if necessary

3.4 Data Interpretation and Development

For the majority of GIS-based studies, data interpretation and development represent the
initial steps to the development of a conceptual model. For this study, data interpretation (in
conjunction with literature review) is aimed at the characterization of surface and subsurface
processes and conditions, while data development is aimed at filling gaps within available data.
Data interpretation and development form the core of this slope stability analysis, and are the

basis for building conceptual slope stability models.

The general location of available geotechnical investigations and their respective
borehole locations have been located and digitized as shapefiles using aerial photography (Figure
3.3). A shapefile is a file format for storing the geometric location and attribute information of
geographic features. Geographic features associated with a shapefile can be represented by

points, lines, or polygons (areas).

Attribute tables have been developed for all geotechnical investigation and borehole
locations. The attribute table associated with the geotechnical investigation shapefile displays
information regarding engineering strength properties of the unweathered (Table 3.2) and
weathered (Table 3.3) Pierre Shale. These values were assigned based on laboratory strength

tests performed by various agencies (refer to references). Many of these reports include site
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specific slope stability analyses that use these strength values. The attribute table associated with
the borehole shapefile (Table 3.4) displays information regarding depths to particular interfaces.
Values such as those displayed in Table 3.4 can be used for the development of subsurface

profiles throughout the study area.

The quantity and distribution of laboratory test values throughout the study area are not
adequate to perform site-specific slope stability assessments, yet that is not the intent of this
research. The values available at present provide insight as to the overall variation of the

mentioned engineering properties throughout the study area.

Table 3.2 Laboratory tests performed by various geotechnical consulting firms on rock samples

obtained from within the unweathered Pierre shale.

Unweathered Pierre Shale

C Phi

Unit Wt. (Ib/ft’) Sat. Unit Wt. (Ib/ft®) | (Ib/ft>) | (o)
128 131 500 28.5

120 - 5000 -

115 125 144 -

- - 5000 15

- 1000 14

- 130 1000 20

120 130 - -

- - 1200 -

- - 783 -

AVG. 121 129 1828 19
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Table 3.3 Laboratory tests performed by various geotechnical consulting firms on samples

obtained from within the weathered Pierre shale*.

Weathered Pierre Shale

Report Unit Wt. (Ib/ftY) | Sat. Unit Wt. (Ib/f7)| € (Ib/f3) | Phi (=)
Barons Ridge At Broadmoor Resort 350 13
Estates at Log Hollow 115 125 144 11

Broadmoor Resort Community

Boulders at Broadmoaor Filing No. 14

Boulders at Broadmaoaor Filing No 2

Stonecliff Filing No 64

Broadmoor Oaks Subdivision Filing No.4

Broadmoor Glen South Filing No. 13

115 125 500

18

Broadmoor Glen South Filing No. 9

115 125 144

13

Reserve at Broadmoor Glen Subdivision Filing Mo. 7

Broadmoor Park Filing No. 1 115 125 144 13
Broadmoor Glen South Filing No. 7 | 15 ] 125 500 15
Broadmoor Village 128 131 100 10
Roxbury Park Subdivision 113
Maytag Acres Filing No. 4 107
AVG. 117 .4

*Reports that were lacking all of the engineering properties (green) were assigned mean values

obtained from available test results. Reports that were lacking either cohesion or phi values were

assigned mean a mean value from available test results. Reports that were lacking either unit wt.

of saturated unit wt. were assigned values obtained via linear regression (R?=0.86) using values

from available test results.
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Table 3.4 Example of borehole attribute table. Displayed are 18 individual boreholes associated

with the report titled “Estates at Log Hollow™*.

FID Report Boreholes W.T. (Ft.) | Wxd.P.5. (Ft.)| UnVWxd.P.5. (Ft.)
27 | Estates At Log Hollow | B-4 69 -1 -1
28 | Estates At Log Hollow | B-3 50 ! 44
20 | Estates At Log Hollow | B-17 29 42 45
30 | Estates At Log Hollow | B-16 -1 -1 -1
31 | Estates At Log Hollow | B-16A -1 14 22
32 | Estates At Log Hollow | B-1 a8 0 26
33 | Estates At Log Hollow | B-2 11 16 16
34 | Estates At Log Hollow | B-& -1 34 24
35 | Estates At Log Hollow | B-11 30 40 40
36 | Estates At Log Hollow | B-12 19 10 25
37 | Estates At Log Hollow | B-13 -1 5 5
32 | Estates At Log Hollow | B-5 -1 -1 -1
39 | Estates At Log Hollow | B-14 -1 15 20
40 | Estates At Log Hollow | B-15 -1 a 40
41 | Estates At Log Hollow | B-7 20 24 40
42 | Estates At Log Hollow | B-9 59 38 65
43 | Estates At Log Hollow | B-2 -1 3 28
44 | Estates At Log Hollow | B-10 24 17 117

*W.T. = Water Table, Wxd. P.S. = Weathered Pierre Shale, UnWxd. P.S. = Unweathered Pierre
Shale. Values that have been assigned a value of -1 indicate that a given interface was not

encountered during borehole advancement. Water table values undergo drastic seasonal

fluctuations (observed within geotechnical reports) and are thus highly unreliable.

In addition to the mentioned engineering properties, slope stability analyses also require
slope values (degrees) throughout the study area. This is achieved through the development of a
slope raster using two foot resolution DEMs (Figure 3.4). Raster files are commonly used to
represent imagery and DEMs. Raster datasets represent geographic features by dividing a given
area into discrete square or rectangular cells laid out in a grid. Each cell is assigned a unique
value. DEMs are a digital representation of a terrains surface. Given that the DEMs used for
this study have two foot resolution, each 2°x2’ cell is assigned a unique elevation value (ft.).

Similarly, each 2°x2’ cell on the slope raster will be assigned a unique slope value.
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Figure 3.3 Two hundred Forty Three borehole locations (yellow) obtained from geotechnical
reports (blue) have been digitized using aerial photography (Colorado Springs Utilities).

Note: Within the various geotechnical and land use reports, the investigation location is
typically provided as a specific corner on the intersection of two streets.
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Figure 3.4 Two foot resolution slope raster of study area developed using the slope tool provided
by the 3D Analyst extension within ArcGIS® 10.1.
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3.5 Surface Interpolation Methods

Surface interpolations are among the many geoprocessing tasks that ArcGIS® 10.1 is able
to address. Geoprocessing tasks can range from simple overlays and buffers to complex
geostatistical interpolations. The fundamental purpose of geoprocessing is to provide tools and a
framework which allows ArcGIS® 10.1 users to perform analyses and to manage geographic
data.  Typical geoprocessing tools perform an operation on an ArcGIS dataset and produce a
new dataset as a result of the tool (Economic and Social Research Institute - www.ESRI.com,
2012). The various interpolation methods provided within the GIS framework attempt to predict
values for cells in a raster from a limited number of sample data points. The interpolation

methods utilized for this research are outlined below.

3.5.1 Inverse Distance Weighting (Idw)

IDW is a deterministic method of multivariate interpolation which assigns values to
unknown points using values from a scattered set of known points. This interpolation method is
most commonly used when less than 40 sample points are available (Davis, 2002). IDW
explicitly implements the assumption that things that are close to one another are more alike than
those that are farther apart (Johnston, et al, 2003). The values assigned to unknown points are
calculated with a weighted average of the values available at the known points (Eq. 1). The
weights assigned to each value are developed using Eq. 2. IDW assumes that each measured
point has a local influence that diminishes with distance. Thus, greater weights are assigned to
points closest to the prediction location, and the weights diminish as a function of distance
(hence the name IDW). The weights assigned to measured points are scaled so that their sum is

equal to 1 (Eg. 3) (Johnston, et al, 2003).
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Eq.1  Z(s,) = TM1 M Z(si)

Where:
Z(s,) is the value to be predicted for location s,,.

N is the number of measured sample points surrounding the prediction location that will be used

in the prediction.

A ; are the weights assigned to each measured point that will be used.

Z(s; ) is the observed value at locations; .

Eg. 2 A= d{o"/Z%‘Ll di_op

Eq. 3 Noa=1

Where:
p is the factor by which the weights are reduced as distance increases.
d;, is the distance between the prediction location s,, and each of the measured locations, s; .

IDW allows the user to establish a search neighborhood. The search neighborhood
relates back to the primary assumption of the IDW process: things that are close to one another
are more alike than those that are farther apart. Thus, as measured locations get further away
from the prediction location, they may show little resemblance to the value at the prediction
location. Measured values outside the search neighborhood are not taken into consideration

when evaluating a given prediction location.
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IDW will be implemented via ArcGIS ® 10.1 in order to evaluate the variability of unit
weight(7y), saturated unit weight(7ys), cohesion(c), angle of internal friction(¢), and depth to the
zone/surface (DASP) along which sliding is assumed to occur throughout the study area (Figure

3.5). Report locations will be used when performing IDW for strength properties, while

borehole locations will be used when performing IDW for the DASP.

Slope (degrees)

Friction Angle (degrees)

Cohesion (psf)
Sat. Unit. Wt. (pcf)
DASP (ft.)

Unit Wt. (pcf)

L
Figure 3.5 Engineering parameter rasters developed via IDW.

3.5.2 Kriging Interpolation

There are several different Kriging methods, each with their own assumptions. The
Kriging family includes Ordinary, Universal, Simple, Indicator, Probability, and Disjunctive.
The choice of which Kriging to use depends on the characteristics of the data, the type of spatial
model desired, and the type of maps to be produced. One of the most commonly used methods
used for producing prediction maps is Ordinary Kriging (Lefohn et al., 2005), while one of the
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most commonly used method for producing probability maps is Indicator Kriging. Ordinary

Kriging and Indicator Kriging are used for this research based on the desired output types.

Kriging interpolation is similar to IDW in that it applies the assumption that things that
are close to one another are more alike than those that are farther apart. However, the weights are
based not only on the distance between the measured points and the prediction location but also
on the overall spatial arrangement among the measured points. Kriging methods depend on
mathematical and statistical models. It is the addition of the statistical model which separates
Kriging methods from deterministic methods such as IDW. Kriging methods associate a level of

probability with the predictions.

Kriging interpolation estimates the value of an unknown function, s, at a point s,, given
the known values of the same function at other points s;,...,s, (Figure 3.6). Kriging assumes
that if within a study area points s,,...,s,, are known, s, can be placed anywhere in the study area
and assumed to have a real value. The output from the Ordinary Kriging interpolation displays
the FS variation throughout the study area, while the Indicator Kriging will display the

probability of exceeding (or not) a FS threshold value of 1.0.

55 §; s,

51

Figure 3.6 Kriging interpolation attempts to predict the value of s, using the known values s; -
s, (Johnston, et al, 2003).
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Indicator Kriging is based on the notion that if a variable is continuous, then it may be
converted to a binary variable (0 or 1) by choosing a desired threshold. This threshold may vary
significantly depending on the research topic. Values that are above this threshold are assigned a

value of 1, while if they are below this threshold, they are assigned a value of 0.

The probability is then calculated by the following equation (Mills, 1956):

occurance of favorite events

Eq.4 Prob =

total possible events

The probability calculation is carried out throughout the study area based on a given
search neighborhood, which is essentially a weighted moving average of the probability

calculated by equation 4.

These predictions can be interpreted as the probability of the variable of interest
exceeding (or not) the established threshold (Johnston, et al., 2003). For this research, the

variable under consideration is the FS, thus the threshold will be assigned a value of 1.0.

3.6 Slope Stability Analyses

The selection of slope stability analysis methods is frequently a difficult task. It is
imperative that the researcher have a firm understanding of the field conditions and slope failure
observations in order to understand failure mechanisms. The type of failure mechanisms
observed in a given area largely governs the slope stability method that should be implemented
during an analysis. Slope stability evaluation techniques utilized during this study were selected
based on the characteristic features and mechanisms of observed landslides in Colorado Springs.
This study will utilize the following GIS-based slope stability evaluation techniques and

associated interpolation methods:
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3.6.1 One Dimensional Infinite Slope Analysis

Infinite slope analyses (ISA) are often implemented when ground conditions are such that
a layer of firm soil or rock lies roughly parallel to the surface of the slope at shallow depth
(translational landslide). Such conditions are found in slopes composed of the following (Hunt
et. al., 2002):
1. Cohesionless materials, such as clean sands
2. Cohesive soils, such as residuum or colluviums, over a sloping rock surface at shallow depth
3. Over Consolidated (OC) fissured clays or clay shales with a uniformly deep, weathered zone

4. Large slabs of sloping rock layers underlain by a weakness plane

Under such conditions, the slip surface is constrained parallel to the slope (Duncan, 1996). The
primary assumptions of this method are that the ground surface, water table, and failure plane are
parallel (Figure 3.7). This method is rather simplistic in that the driving forces within the upper
portion of the slide mass and the resisting forces within the lower portions of the slide mass are

not taken into consideration.

Given that the IDW raster outputs and slope raster have two foot resolution, the ISA
model separates the study area into an abundance of individual 2°x2” slopes or ‘cells’. Eq. 5 is
defined as the ratio of the shear strength divided by the shear stress required for equilibrium of a
given slope (Duncan, 1996). Eqg. 6 calculates the FS of each ‘cell” within the study area. Under
the assumption that translational sliding is occurring atop the unweathered Pierre Shale, strength

values of the weathered Pierre Shale (Table 3.3) are used for the 1D analysis.

Given that sufficient ground water data is not available, Eq. 6 will be calculated with

m=0, m=0.5, and m=1.0. Referring to Figure 3.7, m=0 indicates unsaturated conditions, m=0.5
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indicates 50% saturated conditions, and m=1.0 indicates 100% saturated conditions. Throughout
the duration of this study, these groundwater conditions will be referred as unsaturated, partially

saturated, and fully saturated respectively.

Eq.5 FS = ) Resisting Forces/ ), Driving Forces

Eq.6 FS = (c+ (y — myw)z(cos B)?tan ¢)/yzsin B cos
Where:

¢ = cohesion (Ib/ft?)

Y = unit weight (Ib/ft’)

Yw = unit weight of water (Ib/ft)

z = depth to assumed slide plane (ft)

= angle of assumed slide plane (°)

@ = internal friction angle (°)

m = (z-dy)/z

dy, = depth from ground surface to water table (ft)

Figure 3.7 Infinite Slope geometry and groundwater condition (Duncan, 1996 and Skempton et
al., 1957).
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Referring to Figure 3.4, it is evident that some areas within the study area have a slope of
0 degrees. Given the nature of Eq. 6, slope values of O degrees are undefined. Thus, a value of
0.001 has been added to all O degree slope values. This addition is negligible when considering
the degree to which it affects the slope values, yet it prevents undefined values from being

generated within the 1D Infinite Slope output.

3.6.2 Two Dimensional Bishop’s Simplified Method of Slices

Method of Slices analyses are the most commonly used methods of slope stability
evaluation when sliding is rotational in nature (rotational landslide). These methods are based on
simplifying assumptions that reduce the three-dimensional problem to a two-dimensional
problem (Albataineh, 2006). There are several Method of Slices analyses, each of which is
distinguishable by their assumptions. Assumptions are required to eliminate unknowns, so that

the slope stability calculation becomes a statically determinate problem.

Observations of slope failures within cohesive materials (such as those found within the
selected study area) indicate that slide surfaces are frequently circular in nature (John
Himmelreich and Assocaites, 2001 and Wyllie et al., 2004). Bishop’s Simplified Method of
Slices (BSMS) may only be used when evaluating circular slip surfaces. BSMS does not satisfy
all conditions of equilibrium. However, Wright et al., (1973) have shown that the FS calculated
by Bishop’s method agrees favorably (within ~5%) with the factor of safety calculated using

finite element procedures.

The primary assumptions associated with BSMS are (Bishop, 1955):

1. Failure occurs through rotation along a circular slide plane

2. Side forces on each slice are assumed to be horizontal (no interslice shearing)
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3. Analysis satisfies vertical forces and overall moment equilibrium

When using BSMS, the soil mass above the slip surface is divided into a number of
vertical slices and the equilibrium of each of these slices is considered (Albataineh, 2006). The
number of slices used in a given analysis varies based on the geometry of the slope. A minimum

of 5 slices should be used for simple slope geometries (Wyllie et al., 2004).

Equation 7 represents the FS of a given slope (Figure 3.8) and may be solved via an
iterative process. An initial FS value of 1.0 is used, and a new FS is calculated. If the difference
between the calculated and the assumed FS is > 0.001, the calculated FS is used as a second FS
estimate for a new FS. This process is repeated until the difference between consecutive
iterations is < 0.001. Approximately seven iterations are required for most slope and slide plane

geometries (Wyllie et al., 2004).

As is the case with the 1D Infinite Slope analyses, sufficient ground water data are not
available. Thus, Eq. 7 will be calculated three times under unsaturated, partially saturated, and

fully saturated conditions.
Eq.7 FS= YX/(1+Y/FS)/YZ+Q
Where:

X = [c+ (v h — ywhy) tan @] (Ax/ cos )

Y = tan i, tan @
Z= yhAxsin ¢
Q=0.5v,z°(a/R)

¢ = cohesion (Ib/ft?)
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y = unit weight (Ib/ft%)

yw= unit weight of water (Ib/ft’)

h = depth to assumed slide plane (ft)

hw = depth of water table above slide plane (ft)
= angle of assumed slide plane (°)

@ = internal friction angle (°)

In order to perform the BSMS analysis, the surficial geometry of a given slope must be
known. Two hundred sixty nine slope profiles (Figure 3.9) have been developed using two foot
resolution DEMs obtained from Colorado Springs Utilities. The slope profiles are distributed
throughout the study area and are generally oriented perpendicular to contour lines. Areas with
more significant topographic variation may be more prone to slope instabilities, and thus have
higher concentrations of slope profiles.

Using the IDW interpolated engineering property values, an average value of unit weight
(g), saturated unit weight (gs), cohesion(c), angle of internal friction (f), and DASP will be
calculated along each profile. All slope profiles, along with their respective engineering
properties, will then be transferred to SLIDE® 6.0 such that the BSMS analysis can be
performed.

Within the SLIDE® 6.0 interface, minimum FS values for the three hypothetical
groundwater conditions (Figure 3.10) will be estimated for each profile. These minimum values
are then transferred to the respective profile locations (Figure 3.9) within the GIS framework.
The aforementioned Kriging interpolations will then be used to generate landslide susceptibility
maps which display the FS variation and probability variation of landslide occurrence throughout

the study area.
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Figure 3.8 Bishop’s Simplified Method of Slices (BSMS) geometry and groundwater condition.
A failure criterion is defined by the Mohr-Coulomb failure criterion in BSMS (Wyllie and Mah,
2004).
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Figure 3.9 Study area with 269 slope profiles.

43



Figure 3.10 Slope geometry for Profile 100 under partially saturated conditions. The analysis is
confined to the uppermost (‘ridgeline’) and lowermost (‘valley bottom”) portion of slope profile
for which geometric data is available (As indicated by #k). Displayed are the 10 slide planes
with the lowest FS values. Approximately 4,000 slide planes were analyzed.
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CHAPTER 4 RESULTS

This chapter presents the results of a GIS-based landslide susceptibility analyses in
southwestern Colorado Springs, Colorado. The results are presented in three sections. The first
section presents the FS distribution and landslide probability maps using Infinite Slope analyses.
The second section presents the FS distribution and landslide probability maps from Bishop’s
Simplified Method of Slices. The last section compares the descriptive statistical results of the

landslide probability from the two methods.

4.1 1D Infinite Slope Analysis

Using the methods described in Chapter 3, two sets of maps have been generated via an
ISA and Indicator Kriging interpolation. These maps display FS distribution and landslide
probability under three different hypothetic ground water conditions, which are unsaturated,
partially saturated and fully saturated. Figures 4.1, 4.2, and 4.3 show the overall relative
distributions of FS values throughout the study area under the three groundwater conditions
described above. Figure 4.4, Figure 4.5, and Figure 4.6 display the landslide probability
throughout the study area under the three groundwater conditions. Figure 4.4, Figure 4.5, and
Figure 4.6 were developed based on 50°x50” resolution. Each cell is assigned a mean FS value
based on the ISA analysis. The Indicator Kriging interpolation was then performed on a cell by
cell basis. A FS threshold value of 1.0 was used in the probability analysis. Hence the

probability maps reveal the likelihood of slope failure through the study area.
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Figure 4.1 FS Distribution from 1D Infinite Slope Analysis output under unsaturated conditions.
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Figure 4.2 FS Distribution from 1D Infinite Slope Analysis output under partially saturated
conditions.
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Figure 4.4 Landslide Probability from Indicator Kriging based on 1D Infinite Slope Analysis
output under unsaturated conditions.
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Figure 4.5 Landslide Probability from Indicator Kriging based on 1D Infinite Slope Analysis
output under partially saturated conditions.
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Figure 4.6 Landslide Probability from Indicator Kriging based on 1D Infinite Slope Analysis
output under fully saturated conditions.
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4.2 2D Bishop’s Simplified Method of Slices

Using the methods described in Chapter 3, two sets of maps have been generated via
BSMS and Indicator Kriging interpolation. These maps display FS distribution and landslide
probability under three different hypothetic ground water conditions, which are unsaturated,
partially saturated and fully saturated. Figures 4.7, 4.8, and 4.9 show the overall relative
distributions of FS values throughout the study area under the three groundwater conditions
described above. Figures 4.10, 4.11, and 4.12 display the landslide probability throughout the
study area under the three groundwater conditions. A FS threshold value of 1.0 was used in the
probability analysis. Hence the probability maps reveal the likelihood of slope failure through the

study area.

4.3 Comparison of the Landslide Probability Results

In order to compare the results from the ISA and BSMS, histograms and basic descriptive
statistics are generated from landslide probability distributions for both ISA (Figure 4.13) and

BSMS (Figure 4.14).

For the results from ISA, when groundwater is introduced and/or increased from partially
saturated to fully saturated conditions, the probability of FS < 1.0 is increased. The probability
distributions for the unsaturated conditions are positively skewed. Given that mean values are
largely influenced by outliers, it is generally advisable to use median values in order to derive
central tendencies when skewed distributions are observed. The median probability increases
from 0.07 to 0.23 when transitioning from unsaturated to partially saturated groundwater

conditions. The probability distributions for partially saturated and fully saturated conditions do
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Figure 4.8 FS Distribution from 2D Bishop’s Simplified Method of Slices Ordinary Kriging

output for partially saturated conditions.
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Figure 4.9 2D Bishop’s Simplified Method of Slices Ordinary Kriging output for fully saturated
conditions.
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Figure 4.10 2D BSMS analysis Indicator Kriging output under unsaturated conditions.
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Figure 4.11 2D BSMS analysis Indicator Kriging output under partially saturated conditions.
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Figure 4.12 2D BSMS analysis Indicator Kriging output under fully saturated conditions.
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not exhibit extreme skewness. The mean (or median) probability increases from 0.23 to 0.45

when transitioning from partially saturated to fully saturated groundwater conditions.

1D Probability Frequency of FS < 1.0 under Varying GW Conditions
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Figure 4.13 Histogram of 1D slope failure probability under unsaturated, partially saturated, and
fully saturated conditions.

For the results from BSMS, when groundwater is introduced and/or increased from
partially saturated to fully saturated conditions, the probability of FS < 1.0 is increased. The
median probability increase from unsaturated to partially saturated conditions is minimal, while
from partially saturated to fully saturated conditions the probability increases from 0.05 to 0.40.
Under unsaturated conditions, the median value of 0.00 indicates that over half of the profiles

have a mean probability of 0.00.
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Figure 4.14 Histogram of 2D slope failure probability under unsaturated, partially saturated, and
fully saturated conditions.
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CHAPTER 5 DISCUSSION AND CONCLUSIONS

This study has led to the development of landslide susceptibility maps for southwestern
Colorado Springs, Colorado. The first section of this chapter discusses these maps and various
aspects of their development. The second section outlines some of the limitations encountered
during the development of these maps and provides recommendations for future work. The third

section of this chapter presents the conclusion of this study.

5.1 Discussion

The ISA and BSMS models vyield similar outputs under the three hypothetical
groundwater conditions. Both models indicate extensive areas within the far western portion of
the study area that have high probabilities of FS < 1.0, especially under partially saturated and
fully saturated conditions. The far western portion of the study area is located at the base of
Cheyenne Mountain, and generally has steeper topography. Both models indicate areas within
the northwest, central, and north-central portions of the study area with high probabilities of FS <

1.0. Some of these areas closely correlate to where the Pierre Shale outcrops.

The ISA and BSMS models yield FS values that are lower than expected. This is likely
due to the fact that some of the engineering strength properties used for these analyses were
obtained during landslide investigations. Sampling efforts may have been biased towards
weaker, previously sheared samples. Such residual strength values may be significantly lower

than those of unsheared materials.

Comparison of the 1D and 2D probability maps with the CGS map series 42 (Figure 2.8)

reveals some correlation with respect to areas which are suggested to have high probabilities of
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FS < 1.0 that have also been documented as having undergone ground movement. Namely
within the central, northwestern, and western portions within the study area. Under all three
groundwater conditions there are areas with low probabilities of FS < 1.0 yet are indicated to be
landslides. This can be observed in the far eastern portions of the study area where there are
numerous documented landslides. Additionally, many of these instances occur within the
extensive regions that are interpreted to have previously undergone ground movement based on
geomorphic features such as hummocky terrain and head scarps. Previous ground movement

within these areas may have led to stable slope configurations.

There are no concrete indications as to which model is more reliable. ISA and BSMS
were selected for the sole purpose of accounting for observed landslide failure mechanisms
within Colorado Springs. These methods were not selected with the intent of identifying the
most reliable. As has been discussed, the BSMS was performed on individual slope profiles,
whereas the ISA was performed on a pixel-by-pixel basis. For this reason the BSMS model

outputs may be more ‘realistic’.

5.2 Limitations and Recommendations

Some of the methods outlined above have proven to be quite time consuming, namely
data organization and data entry procedures. These could be greatly expedited via an automated

procedure, which was beyond the scope of the work for this project.

Beginning with the initiation of this research, data availability has been a significant
issue. As has been mentioned, there has been a substantial accumulation of data regarding
landslide processes within Colorado Springs, Colorado, yet the vast majority of it is proprietary,

and this could make future data acquisition for this study rather problematic. A significant
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amount of effort and time have been put into contacting those individuals and agencies that
might be able to provide data relevant to landslide processes in Colorado Springs. To some
extent, these data acquisition efforts may have been exhausted and significant expansion of the

GDB is unlikely.

As Table 3.2 illustrates, the estimation of strength properties of the weathered Pierre
Shale throughout the study area were based on 15 report locations. Of these 15 report locations,
numerous data gaps had to be filled with averaged values and values obtained via linear
regression. Some of the validity of these susceptibility maps rests on the assumption that these
strength values accurately represent the true ground conditions. As has been discussed, strength
parameters used for this analysis were obtained from geotechnical investigation reports, some of
which were directed specifically at assessing slope stability issues. As such, strength parameters
used for these analyses may have been the result of laboratory testing which was biased towards

weaker samples.

Regarding the depth to the assumed slide plane/zone surface along which sliding is
assumed to occur; this surface was evaluated using 243 data points (boreholes). Although more
reliable than the 15 report locations used to evaluate strength property variation, these data may
still be insufficient in representing the ‘true’ depth to this surface. There is significant
topographic variation throughout the study area, thus increasing the potential for under/over-

estimation of this depth.

Given that landslide processes in general, and specifically in Colorado Springs, are so
closely related to hydrologic conditions, it would be worthwhile to gain more insight as to the

actual groundwater conditions present when slope failure is occurring. No such documentation
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was observed during literature review for this research. However, if such documentation does
exist, even a rough indication as to where the water table was during a given landslide event(s)
would provide future users of these maps (and GIS) some idea as to which hypothetical

groundwater condition is the most realistic and/or trustworthy.

It should be noted that all of the FS < 1.0 values under dry conditions are located on
slopes with a minimum angle of inclination of 15 degrees (if not significantly steeper). The
maximum internal friction angle (phi) value of the weathered Pierre shale used for these analyses
is 20 degrees. Without a doubt there are areas within the study area that have phi > 20 degrees,
specifically in areas where the Pierre shale outcrops (refer to Figure 2.5) and creates
extraordinarily steep slopes as well as within the far western portions of the study area at the

base of Cheyenne Mountain.

The maps generated during this research should not be utilized by themselves when
conducting site specific landslide susceptibility evaluations. This report has outlined the
methods, procedures, and assumptions which were used during the development of these maps.
It is necessary for future users of these maps to have a thorough understanding of these methods,

procedures, and assumptions, and it is their responsibility to do so.

5.3 Conclusions

e The GIS and associated GDB developed during this research will allow future researchers
and investigators to identify and utilize data that this study has accumulated.

e The workflow developed during this research can be readily adapted to similar studies at

other localities.
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The 1D and 2D models yield similar outputs under the three hypothetical groundwater
conditions.

The FS maps developed during this research display FS values that are lower than expected.
These values are likely lower due to the aforementioned biased nature of the engineering
strength properties used for this analysis. These FS values provide insight as to the relative
degree of landslide susceptibility throughout the study area.

Unlike previously developed landslide susceptibility maps for Southwestern Colorado
Springs, the probability maps developed during this research display susceptibility zonation.
Both models indicate extensive areas within the western, northwestern, central, and north-
central that have high probabilities of FS < 1.0.

Some of the central and north-central areas with high probabilities of FS < 1.0 closely
correlate where the Pierre Shale outcrops.

1D and 2D probability map comparison with CGS MS 42 reveals some correlation with
respect to areas which are suggested to have high probabilities of FS < 1.0 that are also
documented as having previously undergone ground movement. Namely within the central,
northwestern, and western portions of the study area.

Areas within the far eastern study area do not correlate with CGS MS 42.

The maps generated during this research should not be utilized by themselves when
conducting site specific landslide susceptibility evaluations. It is necessary for future users
of these maps to have a thorough understanding of the methods, procedures, and assumptions

used during these analyses.
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