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ABSTRACT

An infiltration-induced landslide along I-70 in Summit County, CO has experience
episodic movements dating to the construction of the original highway in the early 1970s. The
seasonal movements of the highway embankment have continually caused damage to the road
surface that cost the Colorado Department of Transportation (CDOT) time and money to repair.
To better characterize the active landslide and recommend more effective remediation options,
a collaboration effort between CDOT, the Colorado School of Mines (CSM), and the USGS
Landslide Hazards Program (USGS-LHP) was established in 2010. The work presented in this
thesis is part of Phase Il of the collaboration to explain the unigue site hydrology and how it

affects the stability of the embankment through a hydro-mechanical analysis.

Available hydrological data of the site includes stratigraphy data from multiple boreholes,
four years of recorded water table behavior from four piezometers in the hillslope, soll
hydrological properties from laboratory testing, and atmospheric data from a nearby SNOTEL
site. This data was used along with concepts of flow through unsaturated soils to develop a
seasonal conceptual model and a 2D numerical model of the watershed hydrology. Results from
the simulation were used in a preliminary stability analysis to determine that a rise in the water
table during summer months is the triggering mechanism of the landslide. The research
concluded that the site history has created the unique hydrology that triggers instability in the
slope and that the consideration of transient hydrologic conditions and the variably saturated
hydrological properties of soil are vital in the analysis of infiltration-induced landslides.
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CHAPTER 1
INTRODUCTION

Infiltration-induced landslides are a major geologic hazard across the United States
resulting in $1-2 billion in damages and up to 50 fatalities each year (NRC, 2004). According to
a 2006 survey, half of the most destructive landslides worldwide in the past century were
infiltration induced (Sidle and Ochiai, 2006). The mountainous region of the 1-70 Corridor in
Colorado is highly susceptible to infiltration-induced landslides and resultant damage along the
interstate dates to the construction of the original highway in the late 1960s. Landslides in this
area are hazards that cost millions of dollars in taxpayer money and pose a direct threat to
public safety. The Colorado Department of Transportation (CDOT) is continuously working to
reduce the risk these landslides pose to motorists, daily traffic operations, and local towns, but
in order to effectively mitigate these hazards the hydrological and mechanical conditions of each
failure must be fully understood.

One particular site approximately 1.5 miles west of the Eisenhower/Johnson Memorial
Tunnels on I-70 has experienced over 40 years of movement that has caused regular damage
to the highway surface. The scarp of this slide intersects the highway (Figure 1.1) and has
caused at least 2 feet (0.6 m) of pavement settlement in the last 20 years (Wayllace, Lu, and
Oh, 2012). Visual evidence of the landslide movement and resultant pavement damage can be
seen in Figure 1.2, which includes asphalt cracking, settlement along the highway shoulder, and
the rotation of the slope as seen by the growth pattern of trees near the toe. A temporary
solution of leveling the road by adding asphalt to areas of displacement has been used in
previous years, but this method results in periodic partial road closures and adds weight to an
already unstable land mass.

In 2010 a joint effort between CDOT, the Colorado School of Mines (CSM), and the U.S.
Geological Survey Landslides Hazard Program (USGS-LHP) was initiated to characterize the
site conditions and understand the hydrological and mechanical behavior of this active
landslide. This information will then be used in to the design of future mitigation efforts that
would prevent any further movement or catastrophic failure of the slope. CDOT, CSM, and
USGS-LHP outlined a three phase collaboration that would include () Site Investigation, (II)

Hydrological and Mechanical Analysis, and (l1l) Mitigation.
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Figure 1.1 Geographic location of landslide in Summit County, CO, USA. Dashed lines show
the extent of the failure mass. (Google Earth, 2015)

Figure 1.2 Visual evidence of landslide movements. (a) rotated tree growth near the toe, (b)
damage to eastbound I-70 lanes guardrail, and (c) head scarp cracking through the pavement of
westbound I-70 lanes. (photos: M. Morse, CSM)



Phase |, completed in 2014, was an effort to understand the environmental setting and
triggering mechanism of the failure, which included mapping of the failure zone, a subsurface
investigation, and installation of sensors that have continuously monitored groundwater
behavior and ground movements in the slope since 2011. The observed data from this phase
was used in Phase II.

This thesis presents the work performed in Phase II, which aimed to fully understand the
seasonal hydrology that leads to mechanical instability. In order to accomplish this goal a
complete historical review of the site was needed to collect all available information on
stratigraphy, construction at this location, known water table levels, and previous investigations.
This information was used to create an extended geological cross section of the entire water
shed area and a conceptual model of the annual hydrology, which was incorporated into a 2-
dimensional numerical model. The results of the hydrological model were then used in a slope
stability analysis to assess the local factor of safety in the slope under the different hydrological
conditions and confirm that movements in the slope are triggered by the large amount of
infiltration into the slope during the spring season.

The following chapters explain, in detail, the information and methods used to create the
conceptual and numerical models. Chapter 2 provides a background on the geotechnical
engineering concepts used to analyze the landslide. This includes a review of hillslope
hydrology and stability with concepts governing flow through unsaturated soils, matric suction
and how it affects the effective stress in soils, and the dependency of mechanical properties of a
soil on the hydrological conditions.

Chapter 3 covers the characterization of the site, including the geologic setting of the
surrounding area and subsurface findings of Phase | and other investigations, which were used
to create the geologic cross section of the landslide and its watershed. Soil properties, both
hydrological and mechanical, are presented along with the laboratory methods used to
determine them. This chapter also covers the available data from instrumentation installed on
site, including piezometer data, inclinometer data, and atmospheric data from the National
Resource Conservation Service (NRCS), and explains how this information is used in the
analysis of the landslide hydrology

Chapter4 explains the conceptual model for the site and qualitatively evaluates how the
stratigraphy, geomorphology, and hydrological soil properties of the watershed have created the
unusual hydrology and seasonal instability of the landslide.

Chapter 5 introduces the 2-dimensional numerical model of the site hydrology. It covers

the numerical domain and the inputs used, as well as the simulation results and how they
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compare to measured field data and the conceptual model theory. A parametric simulation of
the model is also presented in order to display the sensitivity of the site hydrology to the
competent bedrock location.

Chapter 6 is an assessment of slope stability using the Method of Slices and the ground
water conditions predicted by the hydrologic model. The site is analyzed under traditional
methods with no consideration of the unsaturated zone and hydro-mechanically by considering
the effects of the vadose zone near the failure surface. This chapter shows the seasonal change
in the factor of safety along the known failure plane of the landslide and quantitatively assesses
the changes in mechanical conditions that result from large spring infiltration.

Chapter 7 discusses the conclusions of this research and what it contributes to the
geotechnical community, the state of Colorado, and the future of I-70. It also includes future
work to be done on this site, including Phase 11l of the collaboration between CDOT, CSM, and
USGS-LHP.



CHAPTER 2
LITERATURE REVIEW

Three phases exist in natural soils: air, water, and solid. In traditional soil mechanics,
only two phases are considered at a time to simplify analyses into either fully saturated or fully
unsaturated conditions. Under full saturation, the soil pores are filled completely with water while
full unsaturation assumes the pores are filled completely with air. In reality, however, the three
phases exist together in natural soils and the balance between pore air and pore water contents
has a large effect on the engineering properties of soil and contributes to the overall effective
stress distribution in an environment.

The hydro-mechanical analysis of the Straight Creek landslide is comprised of
fundamental relationships of the three phases that govern groundwater flow and stress
distribution in variably saturated soils. The stability of a slope is assessed by considering the
transient effects of variably saturated flow on pore water pressure, suction and suction stress,
the effective stress distribution, and shear strength of soils.

Infiltration-induced landslides are triggered by an increase in pore water pressures that
reduce the effective stress and shear strength of soils in a hillslope. By considering the change
in effective stress and shear strength due to variably saturated groundwater flow, the stability of
the slope can be more accurately determined and unstable conditions can be better predicted.
The hydro-mechanical framework can be used in the analysis of all infiltration-induced
landslides to improve the understanding of failure triggering mechanisms, design more effective
mitigation efforts, and better protect the public and infrastructure from risk due to catastrophic

failure.

2.1 Soil Water Retention Curve and Hydraulic Conductivity Function

The relationship between water content and matric suction in soil is controlled by the
particles surface area and the pore structure. The varying particle and pore sizes of natural soil
result in a unique relationship for each soil, known as the soil water retention curve (SWRC).
The SWRC describes how the pore water content of a soil changes under matric suction. The
SWRC is critical in understanding soil behavior in hillslopes as it directly influences properties
such as hydraulic conductivity, shear strength, and water storage.

The hydraulic conductivity function (HCF) is directly related to the SWRC and describes

the ability of a soil to transmit water under different matric suction conditions. A soil reaches its
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maximum conductivity value under fully saturated conditions and zero matric suction. When
pore water content is reduced, the suction will increase and the conductivity of a soil will
decrease as the connectivity between pore water is lost. The HCF is an important in hillslope
hydrology as it influences the infiltration rate and capacity of soils and plays a part in

determining flow paths through a slope. An example of each curve is shown in Figure 2.1.
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Figure 2.1 Example of soil water retention curve (blue) and hydraulic conductivity function (red)

The SWRC describes three distinct stages of the matric suction/water content
relationship. Under very dry conditions, suction can be very high and the curve is very steep as
the soil approaches residual water content. In this stage, water in the soil matrix is controlled by
surface adsorption, or the ability of soil particles to attract water molecules. As moisture content
increases, the slope of the SWRC flattens and water content can increase significantly with
smaller changes in the magnitude of suction. Here, menisci form between soil particles and both
hydration and capillary effects are present. When enough water enters the matrix to fill smaller

pores, capillary mechanisms are dominant and the soil begins to saturate quickly. The slope of



the SWRC changes again at this point, which is known as the air-entry pressure of a soil, and
the soil eventually reaches saturation under capillary regime (Lu & Godt, 2013).

The SWRC and HCF of a soil can be estimated by different mathematical models.
Mualem (1976) presented a predictive hydraulic conductivity equation, and van Genuchten
(1980) proposed a relatively simple SWRC equation that was used to reach an analytical
expression for the HCF.

The van Genuchten (VG) model for the SWRC is presented in the form:

# Lot L B2 C 2.1)

where
@nd m are fitting parameters
A= effective saturation, a dimensionless water content
= actual volumetric water content
+ = residual volumetric water content
s = Ssaturated volumetric water content
h = pressure head [kPa]
m =1-1/n

The parameter . represents the inverse of the air-entry pressure for the largest pores of
a soil, or the height of the capillary fringe. The parameter n is related to the pore size distribution
in a soil. The van Genuchten model has the ability to accurately capture the shape of typical
curves, effectively transition to residual conditions, and model a wider range of suction when
compared to other mathematical models of the SWRC (Lu & Likos, 20044a).

The predictive hydraulic conductivity equation derived by Mualem (1976) is:

0
L # %8, 5= @Ti, 5 @C (2.2)

where
K; = relative hydraulic conductivity
A= effective saturation, a dimensionless water content

h(x) = pressure head as a function of the dimensionless water content, /A



To solve the Mualem equation, the van Genuchten SWRC model (Equation 2.1) is used
in place of h(x) to relate the dimensionless water content to the current pressure head (van

Genuchten, 1980). This results in the following analytical solution for the HCF of a soil:

[52: (U755 QUFo |

~aD L 5>: 0UP 1 (2.33)

or
-5 DL -#>sF:spP#2P (2.3b)

where
nd m are fitting parameters
K: = relative hydraulic conductivity
Ks = saturated hydraulic conductivity
A= effective saturation, a dimensionless water content
| = pore connectivity parameter
h = pressure head [kPa]
m=1-1/n

These equations allow the SWRC and the HCF of any soil to be fully defined by its five
independent hydrological parameters: , ¢, Ks .and n. They are used in the numerical
hydrological model to predict groundwater flow through the hillslope and determine the transient

water pressure distribution in the slope.

2.2 Flow in Unsaturated Soils

The flow of liquid water in soils is governed by the total potential of pore water, as water
will move through a soil from areas of high potential to areas of low potential. This quantity can

also be described in terms of total head (hy):

QLERL VED (2.4)
where
hy = head due to gravity [m]

z =relative elevation [m]



h, = head due to pore water pressure [m]

h, = head due to osmotic potential [m]

The total head gradient in a soil will dictate the rate and direction of flow through sail,
ZKLFK FDQ EH TXD QWIawLIH éhekimebdibRal fsteady state flow 'DUF\fV ODZ VWDWH
that the rate of flow is linearly proportional to the gradient in the driving head:

ML Fg# (2.5)

where

q = volumetric flow rate [m®sec]
k = hydraulic conductivity [m/sec]
h = total head [m]

| = flow path length [m]

A = cross sectional area [m?]

In natural environments, however, flow does not occur in one dimension nor in steady
state, but rather in a three-dimensional, transient state due to spatial and temporal variability of
hydraulic conductivity and total head. For these applications, such as hillslope hydrology,
'D U F\ fwwmaybe generalized to unsaturated fluid flow by considering the HCF, or hydraulic
conductivity as a function of soil suction (Terzaghi, 1943). By XVLQJ WKH JHQHUDOL]HG 'DUF
in each direction and the principle of mass conservation, transient flow in three dimensions can
be described by WKH 5LFKDUGWY3H.:TXDWLRQ

! n 0 ! n 0 ! A AU .~ 0
— B3R~ 2CE-BG:Q i 2CE-B3:0Q; @2 E SAL %:; e (2.6)
where

h,, = head due to pore water pressure

k(hm,) = hydraulic conductivity function (HCF)

t=time

C(hn) ~ “Kis the specific moisture capacity function, or the slope of the SWRC



S5LFKDUGVTY HT XD WéeRRuratterisiclfuhetions/ih order to be solved: the
hydraulic conductivity function, the soil water characteristic curve, and the specific moisture
capacity function. A numerical solution of the equation is often necessary due to the complex
nature of initial and boundary conditions of an environment, soil heterogeneity, and the

nonlinearity of hydrologic properties of soil such as the HCF and SWRC (Lu & Likos, 2004a).

2.3 Suction Stress and Suction Stress Characteristic Curve (SSCC)

Matric suction ( %or u, u,) in the vadose zone contributes to the overall stress felt in
hillslopes through suction stress. Thermodynamically, suction stress represents the energy
stored by the soil water responsible for the inter-particle forces felt in variably saturated soils (Lu
et al., 2010). Suction stress extends the role of pore water pressure to the unsaturated condition
and allows for the accountability of suction forces in hillslope analyses (Lu & Godt, 2013).
Suction stress ( T) is dependent on the magnitude of matric suction and the degree of saturation
of a soil and is defined by Lu & Likos (2004b) as:

6®L F5% QF QL F

“YIQF Q; (2.7)

bf Y

where
S. = effective degree of saturation
U, = pore air pressure
u, = pore water pressure
= volumetric water content
= residual volumetric water content

s = saturated volumetric water content

The matric suction response to varying degrees of saturation is unique to each soil
according to its soil water characteristic curve (SWRC). Hence, the magnitude of suction stress
due to varying degrees of saturation will also be unique to each soil according to its suction
stress characteristic curve (SSCC), seenin Figure 2.2. 7KH 66&& LV GHILQHG LQ WHUPYV

hydrologic properties . and n, and matric suction ( %or u, *u,) in the form (Lu et al., 2010):

8= F \ (2.8)

5> WU7-; U
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where
. and n are fitting parameters

%= u, *u, = matric suction [-kPa]
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Figure 2.2. Example of the Lu & Likos (2004) SSCC.

The suction stress will increase the effective stress, and therefore shear strength and
stability of a slope, in a soil profile as it increases the inter-particle stresses. These effects are

taken into accountinslRSH VWDELOLW\ E\ XVLQJ %YLVKRSTV PRGLILHG PHWK
unsaturated soil condition.

2.4 Effective Stress in variably saturated soils

The concept of effective stress was first defined by Terzaghi (1943) as the actual stress
felt by the soil skeleton due to the total stress and pore water pressures. The classical
relationship is simply:

11
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eFQ (2.9

where
1 % effective normal stress [kPa]
1= total stress due to overburden [kPa]

u,, = pore water pressure [kPa]

7THU]DJKLYV HIITHFWLY H, Yodvet \explicithy @mwd tRe@ntekpagicle
forces induced by matric suction in partially saturated soils and was generally considered
inadequate for any conditions other than fully saturated or fully dried soil. New effective stress
relationships were proposed (ie: Bishop 1954, 1959 and Coleman, 1962), although they were
also flawed regarding the mechanical behavior of partially saturated soils (Jennings & Burland,
1962 and Lu, 2008). In order to fully incorporate all the physical-chemical mechanisms that
contribute to inter-particle stress and effective stress in soils, Lu & Likos (2004b) defined
effective stress in terms of total stress, pore air pressure, and the suction stress characteristic
curve (SCCC) of a soil in the form:

&L é F gF & (2.10)

where

1 % effective normal stress [kPa]

1= total stress due to overburden [kKPa]
U, = pore air pressure [kPa]

T = suction stress [kPa]

The correlation between matric suction (SWRC) and suction stress (SCCC) in the overall
effective stress indicates that hydrological and mechanical properties of variably saturated soil
are controlled by the same physical aspects of a soil profile (Lu & Godt, 2013). This
comprehensive definition of effective stress for partially saturated soils is used to determine the
normal stress contributing to the shear strength of partially saturated soils along the failure

plane in a landslide.
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2.5 Shear Strength in variably saturated soils

The classical Mohr-Coulomb shear strength of materials is a function of the cohesion of
materials and the frictional resistance that results from a normal stress between two planes and
the internal friction angle of the material. In soils, the relationship considers the drained
cohesion, or interlocking resistance, and friction angle of the soil and the effective stress

experienced at a point:
ixL PE&"P=J6" (2.11)

where

K= shear strength of soil [kPa]
F 4 drained cohesion [kPa]

1 ¢ effective stress [kPa]

0 = drained friction angle [°]

This equation is widely accepted and applied to soil and rock mechanics, but does not
explicitly account for the partially saturated conditions of soils. To expand the relationship to all
hillslope materials of varying degrees of saturation, Lu & Godt (2013) presented a unified
treatment of shear strength that takes the suction stress of a soil into account when calculating
effective stress. The shear strength of variably saturated soils is defined by Lu & Godt (2013)

as.:
ixL PEE&P=0J5L PE:6 FEP=J06" (2.12)

Where

R= shear strength of soil [kPa]
F 4 drained cohesion [kPa]

1= total stress [kPa]

T = suction stress [kPa]

6 /= drained friction angle [°]

The stability of a landslide is dependent on the shear strength of soils along the potential
failure plane since this is what provides resistance to movement. The expansion of effective

stress and shear strength to the unsaturated conditions shows the dependency of mechanical
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stability in a hillslope on the hydrological conditions of matric suction and suction stress and

changes in these factors can trigger failure in an infiltration induced landslide.

2.6 Hillslope stability in variably saturated soils

Traditional equilibrium methods of slope stability analysis involve the calculation of shear
strength (s) of the soils and the average shear stress ( along a defined failure surface in a
slope. There are many versions of equilibrium analysis for slope stability (Fellenius, 1927,
Bishop, 1955, Morgenstern & Price, 1965, Janbu, 1954, Spencer, 1967, etc.), all of which
consider the failure mass as a rigid body. The mass is discretized into a number of discreet
vertical slices in order to accommodate the curvature of the failure surface and the variation in
material properties and pore water pressures in a slope (Duncan & Wright, 1979). The forces
acting on each individual slice are assessed and their summation is used to represent the whole
failure mass in terms of driving (weight of materials) and resisting (mobilized shear strength)
forces. The factor of safety (FS) is then defined as the ratio between driving and resisting
forces:

(5L% (2.13)
where
s = shear strength [kPa]

R shear stress [kPa]

The traditional equilibrium methods, however, do not consider the partially saturated soil
condition and do not account for suction stress changes to the effective stress in the calculation

of resisting forces.
26.1 %LVKRSTV ORGLILHG OHWKRG RI 60LFHYV

The ordinary method of slices (Fellenius, 1927) only considers moment equilibrium of
the slices around the center of a circle that describes a failure surface. Bishop (1955) proposed
a modified method of slices that considers both moment equilibrium and vertical equilibrium for
each slice. The discretization of a failure mass and the forces acting on each slice that are
FRQVLGHUHG LQ %LVKRSTV PHW KR3GTH2 brteSdrd/tBeOnvRight Gf daGh ) LI XU H
slice (W), the effective normal force ( 1) at the base of each slice, the pore water force (U) at
the base of each slice, the available shear strength (T,) along the length of each slice base, and

the horizontal interslice forces (R).
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Figure 2.3 % L V K R$%Mmodified method of slices (a) forces considered for individual slices
and (b) failure mass discretization (figure after Griffiths, 2015).

The general factor of safety equation for both methods of slices considers the
summation of Mohr-Coulomb shear strength of soils (Equation 2.11) and the component of

weight parallel to the slip surface from each slice:

A: B A>Cifir 1% ;
AP qgl

(5L (2.14)

where

dL = length of slice base [m]

c' = cohesion of material [kPa]
0 £ friction angle of material [°]

. = inclination from horizontal of the slice base [°]

7R FDOFXODWH WKH IDFWRU RI VDIHW\ )6 RLMKB PMHWKRGE VX

vertical force equilibrium is considered at each slice according to the following equation:

9L :04E7;..'+UpB6U (2.15)

where

. = inclination from horizontal of the slice base [°]
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The mobilized resisting shear force (Tq4) of each slice can be described as a function of

the factor of safety and the shear force produced by the effective normal force of each slice:
6,<L?5]:’2‘~‘.E Of—fed"; (2.16)

where
0L = length of slice base [m]
¢' = cohesion of material [kPa]

0 £ friction angle of material [°]

These equations are then substituted into the general factor of safety equation (6.2) for
WKH HQWLUH VOLS VXUIDFH DQG %LVKRSYV PRGLILHGVKHWKRG SUF

overall factor of safety of a failure surface:

E . -
5 ~ @—ei?e|AAr_l%n>On|A
(5L T AH - IWd TWa 5 I (2.17)

-A

Where

W = weight of slice [kN]

u = pore water pressure [kPa]
0L = length of slice base [m]

¢' = cohesion of material [kPa]
0 £ friction angle of material [°]

. = inclination from horizontal of the slice base [’]

7KH LWHUDWLYH QDWXUH Rl %LVKRSYV PHWWRB WHWRUHRV WK
safety be chosen for the designated failure surface and calculations continue until agreement is

reached between the FS value on either side of the equation.
262 %LVKRSTVY OHWKRG LQ YDULDEO\ VDWXUDWHG VRLO

To expand the method of slices stability analysis to the variably saturated soil condition,

pore water pressure is replaced by the suction stress along a failure plane, similar to the
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saturated soils as:

E . op o
5 x @or? [AAT_1%A>0/|A
(5L XD qg] AH c -Wd.._de 5 I (2.18)

A

Where

W = weight of slice [KN]

T = suction stress [kPa]

OL = length of slice base [m]

¢' = cohesion of material [kPa]
0 £ friction angle of material [°]

. = inclination from horizontal of the slice base []

The negative values of suction stress will add to the resisting forces experienced by a
failure plane which leads to generally higher factors of safety. The inclusion of partially saturated
stresses in the mechanical analysis of a landslide will result in a more accurate assessment of
the stability of the slope and a better understanding of how the hydrological conditions are

impacting the mechanical equilibrium.

2.7 Hydro-mechanical framework

The methodology proposed in this thesis draws from all of the fundamental relationships
of partially saturated soils discussed above. The framework acknowledges the mechanical
dependency of soil material on the current and historical hydrological conditions and assesses
the stability of a hillslope with consideration of the vadose zone impacts on effective stress and
shear strength of soils. This hydro-mechanical coupling is required in order to accurately predict
the likelihood of failure and the overall safety of a slope that experiences periods of heavy
infiltration. This thesis, however, focuses mainly on accurately characterizing the hydrology of
the slope and a relatively simple stability analysis is used to illustrate the effects of the

hydrology on the factor of safety of the failure surface,
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CHAPTER 3
BACKGROUND AND SITE CHARACTERIZATION

The Straight Creek Landslide is located approximately 1.5 miles west of the
Eisenhower/Johnson Memorial Tunnel, near the town of Silverthorne, CO (Figure 1.1) between
mileposts 212.0 and 212.1. The highway surface at this location is at an elevation of
approximately 3,255 m (10,680 ft) above sea level. The watershed of the landslide is estimated
to extend approximately 700 m upslope of the highway with slopes ranging from 20-40° in

inclination (Figure 3.1).

CIN

EstimatedWajegghed
| - boundary NS
- Cdsrent zone of

yq— £, - 3

Figure 3.1 (a) Plan view map of estimated watershed area and (b) contour map of area with
instrumentation location

7KH ODQGVOLGH LV FKDUDFW H It hasta @idih\ ograateMmhAn31G DY J H °
and a depth of 15.2 m (Lu & Wayllace, 2011) and intersects and important section of highway. I-
70 is a major, vital interstate through Colorado: this site experiences an annual average daily
traffic of over 20,000 vehicles and the remediation costs are estimated to exceed $10 million.
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Remediation would also require prolonged highway closures that are not practical for this

location.

3.1 Site location and setting

The landslide is situated on the southern facing slope of the Williams Fork Mountains in
Summit County, CO. This range, and the surrounding area, is predominantly composed of
Proterozoic age metasedimentary gneiss, schist, and pegmatite bedrocks with intrusive granite
bands and surficial morainal deposits (Lovering, 1935). When exposed, the bedrocks were
subjected to extreme erosion and weathering in the mountainous region which created a fairly
thick, weathered bedrock layer beneath thin colluvium deposits along valley walls. Much of the
area is forested presently although there are large outcroppings of exposed bedrock in the

steepest slope sections and along the cut slopes just north of I-70.

3.2 Site History

The 2-mile stretch of the I-70 corridor immediately west of the Eisenhower/Johnson
Memorial Tunnels has been the subject of multiple geological investigations since the
construction of the highway in the late 1960s. These investigations were all in response to
observed failures in the area, and recent investigations have focused on the Straight Creek
Landslide in particular. Major studies and reports include Robinson & Associates (1971), Kumar
& Associates (1996), the Phase 1 report (Lu & Wayllace, 2011), and Wayllace et al. (2012). A

timeline of all investigations and work performed on the site can be seen in Figure 3.2.
3.2.1 Construction of I-70 and initial failures in the area

Construction on this section of the highway was initiated in the late 1960s along with the
boring of the Eisenhower Tunnel. In 1970, highway construction triggered multiple landslides in
the slopes just north of I-70 due to slope cutting operations (Robinson, 1971). This prompted the
first geological investigation into the immediate area.

The investigation, performed by Robinson & Associates in 1969, was focused on
understanding the stratigraphy and mechanisms of each of the six individual failures. The report
following this investigation provided interpretation of the geology of the area, surface geology
maps, multiple borehole logs up to 120 ft depth, and scattered water table position
measurements. In addition, it included information concerning the construction of 1-70 and the
Eisenhower Tunnel, indicating that the embankment was constructed with tunnel cuttings from

the boring of the Eisenhower Tunnel.
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1970 — Multiple landslides westbound and horizontal drains.
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Tunnel and I-70 underneath piezometer
westbound lanes north of I-70

Figure 3.2 Timeline of all work performed on site since the construction of I-70.

3.2.2 Straight Creek Landslide

Following the Robinson & Associates (1971) report, a bulge in the eastbound lanes
appeared directly above what is now known as the Straight Creek slide in 1973. The bulge
eventually turned to downslope movement, although the Colorado Department of Highways
(CDOH) initially assumed this was a settlement issue and continued to remediate the
movements with asphalt caps to maintain a smooth road surface. It was not until 1996 that the
Colorado Department of Transportation (CDOT), formerly known as CDOH, recognized the site
as a potential slope failure and contracted Kumar & Associates to perform a geological
investigation on the immediate area. The investigation efforts included mapping the extents of
the failure mass and drilling 8 boreholes to determine the location of the failure plane and create
a geological cross section of the landslide. Similar to the Robinson & Associates (1971)
investigation, this report only recorded water table position in select locations and at discreet
times. Kumar & Associates were able to determine a failure plane 19 m below the eastbound
ODQHVY VKRXOGHU FRQILUPLQJ WKDW WKH IDLOXUWNW WO H PGHXHVW

Based on the findings of Kumar & Associates, CDOT made efforts to monitor and reduce
the movements of the embankment. In 2007, three inclinometers were installed to quantify the
rate and size of movements the failure was experiencing each year. By the summer of 2009,
however, the slide movements had reached the capacity of the instruments and they were
UHPRYHG 7KHVH PHDVXUHPHQW VmajorRemmBdidtidGefior e iocused v
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reducing the overburden of the landslide by replacing a significant volume of the top soils with
light weight cement fill in caissons underneath I-70. Shannon & Wilson was contracted to install
the caissons under the westbound lanes in the summer of 2010 and under the eastbound lanes

in the summer of 2012.
3.2.3 CDOT, CSM, and USGS Collaboration

In 2010 CDOT had initiated the collaboration with CSM and USGS-LHP to perform the
three phase research study on the landslide. In 2011, CDOT and CSM drilled three new
boreholes and installed three piezometers in the westbound shoulder, eastbound shoulder, and
near the toe of the slide along with two inclinometers in the westbound and eastbound shoulder
locations. These instruments showed the movements of the landslide were due to a large rise in
the water table underneath I-70 during late spring and early summer months.

Before substantial piezometer data could be obtained, an initial hydro-mechanical
numerical model was created by Wayllace et al. (2012). This model was based on the new
borehole findings and the relationship between spring infiltration and observed slope failure. The
study, presented at the 2012 ASCE GeoCongress, was an effort to further understand the
hydrological conditions in the slope that lead to mechanical instability. GeoStudio modules were
used to create a numerical finite element model that would observe water pressures, effective
stress, and the factor of safety in a slope under different transient infiltration rates. The study
used three different infiltration rates (30, 60, and 100 cm/2 months) to represent the intense,
spring infiltrations due to snowmelt that pretense observed failures. When these rates were
applied to a 2-dimensional cross section of the slope, the model showed that the factor of safety
of the hillslope was less than 1 and therefore unstable due to changes in the effective stress
distribution following the period of heavy infiltration. This case study confirmed the theory of
instability triggered by heavy infiltration and emphasized the importance of fully understanding
the hydrology of the site.

These findings prompted an additional remediation effort from CDOT and ten horizontal
drains were installed at the toe of the slide in 2012 to intercept groundwater flow and control the
amount of water table rise the landslide experiences each spring. Unfortunately, without enough
information on the entire site, only half of the drains actually capture any water flow during the
spring and there is no evidence that they have made an impact on the movements of the
landslide.

The data from Phase | and the early work for Phase Il in characterizing the hydrology of

the landslide showed the need to better characterize a larger area in the watershed. To add to
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the available data, the most recent work on the site was the drilling of a new borehole and
installation of a piezometer north of 1-70 by CDOT and CSM in the fall of 2015 in order to
determine the location of competent bedrock and, in the future, observe groundwater flow

before it reaches the landslide.

3.3 Mapping of failure z one

One of the first tasks in Phase | was to define the extents of the landslide via visual
indications of movement at the surface. In 2011, the slope was inspected on foot and GPS was
used to mark definite areas of distortion in the slope face, damaged pavement, and rotated plant
growth that marked the boundaries of the failure mass. Cracks in the pavement of I-70 mark the
scarp of the failure plane, damage and displacement of the guardrail of I-70 eastbound lanes
shows the extent of the failure at the highway, and a 1.5 m (5 ft) tall vertical displacement
downslope indicates the toe of a rotational failure. The mapping_found the landslide was
approximately 175 m (575 ft) wide and included over 120 m (400 ft) of the slope face south of I-

70. The mapped landslide extents are seen in Figure 3.3, courtesy of Michael Morse (2011).
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Figure 3.3 Plan view of GPS mapped landslide extents and distorted contours from failure
mass movement (M. Morse, 2011)
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3.4 Subsurface investigation and characterization

All three geological investigations (Robinson 1971, Kumar 1997, and CSM 2011) have
found similar geological conditions in the area, including gneiss and schist bedrocks underlying
layers of highly fractured or highly decomposed gneiss, embankment fill, and thin colluvium top
soils. Information regarding the immediate soil profile of the Straight Creek landslide was
provided by six borehole logs from Kumar & Associates (1997) and four borehole logs from
CSM (2011-2015). A complete geological cross section was interpreted from this data as seen

in Figure 3.4.

3.4.1 Stratigraphic layers

Biotite gneiss and schist bedrocks were encountered on site with extensive veins of
Silver Plume Granite and some muscovite rich zones. Near 1-70, bedrock is found 40-83 ft
below ground surface. Near the toe of landslide, along the valley floor, bedrock is much
shallower and found at 17-20 ft below ground surface.

In the slope north of 1-70, very thin colluvium deposits less than 3 ft thick were
encountered at the surface followed by a highly fractured rock layer extending to 40 ft deep,
where more competent gneiss bedrock was found. The highly fractured layer consists of pebble
to small boulder size black gneiss and some granite with chaotic fracturing in all directions. Most
fractures were clean, but traces of yellowish clay were found on some joints.

Multiple boreholes were drilled into the road surface of I-70 along either shoulder of the
highway. Asphalt pavement was found to be 3 inches thick along the westbound shoulder but
up to 2.5 ft thick in eastbound lanes due to continual resurfacing of the roadway. Under the
pavement, the highway embankment fill is encountered up to depths of 28 ft below ground
surface (bgs) in the westbound and 32 ft bgs surface in the eastbound. As previously
mentioned, tunnel cuttings from the boring of the Eisenhower tunnel were used as the fill and
this layer is composed of gravel and occasional boulders (up to 4 ft in diameter) in a brown,

FOD\H\ VDQG PDWUL[ 7KLV 3WXQ Q H50dt tRickHayer af Mighlyddeddropoded Q E\ D
black and grey gneiss in 4-6 in cobbles with slickensided, clay-filled joints. Clay deposits 1-2 ft

thick were also found in this layer in the eastbound shoulder location. Much thinner clay

deposits were observed underneath the westbound lane shoulder. The failure plane of the

landslide was found in this decomposed gneiss, below the eastbound lanes shoulder. After the
decomposed gneiss, bedrock was encountered at 40-47 ft bgs along the westbound shoulder

and 78-83 ft bgs along the eastbound shoulder. These boreholes indicate the bedrock is less

steep underneath I-70 than it is upslope.
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Figure 3.4. Geologic cross section with instrumentation, boreholes, and failure surface.
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Boreholes drilled near the toe of slide, close to the valley floor, found native colluvium
and alluvium soils at the surface up to 13 ft deep underlain with 3-4 ft of moderately weathered
black gneiss bedrock. Competent gneiss bedrock was encountered at 17 ft bgs. The rotational
nature of the landslide also provides some information of the soil as almost 6 ft of material has
been displaced at the toe scarp. The scarp shows up to 1 ft of organic matter followed by light
brown sand with boulders up to 3 ft deep and a dark brown, sandy silt layer up to 5 ft bgs. At the
bottom of the silty layer pulverized gravel and bedrock were found, indicating areas of failure
and movement (Morse, 2011). Borehole logs from CSM investigations can be found in
Appendix A.

3.4.2 Hydrological and mechanical properties

Samples of the gneiss bedrock, the highly decomposed bedrock, and the colluvium were
laboratory tested using the transient release and imbibition method (TRIM) for hydrologic
properties during Phase | (Wayllace & Lu, 2011). Properties of interest were the residual and
saturated volumetric water content ( , ) of each soil, the saturated hydraulic conductivity (ks),
inverse air-entry pressure ( .), and a fitting parameter (n) which together describe each soll
water retention curve (SWRC). The samples of gneiss bedrock, decomposed gneiss, and
colluvium were also subjected to direct shear tests to obtain mechanical properties. The
colluvium was field tested using an infiltrometer near the toe of the landslide to establish a range
of hydraulic conductivity and a sample from this area was later laboratory tested using the
constant head method to determine the saturated hydraulic conductivity (ks). A slug test in the
borehole north of I-70 (P4) provided an estimate of the saturated hydraulic conductivity (ks) of
the highly fractured gneiss. These values are reported in Table 3.1, along with other properties
that have been provided by CDOT.

Table 3.1 Material properties of soil layers

. r K c' 3

Materia d By " (miday) (KNM3)  (kPa)  (deg)
Pavement - - - - 25 0 32
Bedrock 0.06 0.34 1.374 1.72 0.001 23 95 34
Decomposed Gneiss 0.065 0.41 7.5 1.89 1.06 21 1 23
Highly Frac.Gneiss 0.06 0.34 1.374 172 40 22 1 35
Colluvium 0.08 0.33 2.35 2.12 6 20 0 34
Tunnel Fill 0.08 0.33 2.35 212 0.5 21 0 30

25



3.5 Inclinometer Data

The first instrumentation on site were two Slopelndicator inclinometers placed by CDOT
in 2008 (INC2 and INC3) along the westbound and eastbound shoulder of I-70. The data from
these show downslope movements of over 2 inches at approximately 96 ft deep over the year
they were in place (Figure 3.5a). The westbound location (INC2) shows upslope displacements

which are due to the rotational nature of the failure at this site.
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Figure 3.5a Inclinometer data from 2008-2009 from (a) INC2 along the westbound shoulder and
(b) INC3 along the eastbound shoulder (CDOT, 2015)

A second set of inclinometers (INC4 and INC5) were placed on either side of the
highway during the 2011 investigation by CSM/CDOT/USGS-LHP and show much smaller
displacements of 0.25 inches between installation and the most recent reading in April of 2015
(Figure 3.5b). The failure plane in these instruments was again measured at 96 ft below the
eastbound shoulder (INC5), and some upslope movement is observed in the westbound
location (INC4) from the continual rotation of the failure mass. Unfortunately, the data from both
sets of inclinometers is sparse as the location of the boreholes are hazardous to access during
the winter months, resulting in only 2-3 readings each year and making it hard to determine

exact periods of movement. Although it has been observed that significant movements occur
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sometime during the spring and summer seasons. Details regarding the installation of

inclinometers INC4 and INC5 can be found in Appendix B.
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Figure 3.5b Inclinometer data from 2011-2015 (a) INC4 along the westbound shoulder and (b)
INC5 along the eastbound shoulder (CDOT, 2015)

3.6 Piezometer Data and Groundwater Characterization

The Geokon vibrating-wire piezometers installed by CSM in 2011-2015 give extremely
valuable information as three of them have been recording water table position every hour for
the past 4 years. The piezometers are laid out across the site in order to capture downslope
flow of groundwater as it migrates through the hillslope and the landslide mass towards Straight
&UHHN 3 LV WKH IXUWKHVW QRUWK IROORZHG E\ 3 DORQJ WKH Zt
WKH HDVWERXQG ODQHVY VKRXOGHU D Q G PYLa@DR &ré cdnnécke® U WKH W
to a Campbell Scientific CR10X datalogger with AVW200 sensor analyzer along westbound
shoulder, while P2 and P3 are connected to a second CR10X/AVW200 set up near the valley
floor (Figure 3.6). The sampling program and details about the piezometers and datalogger set

up can be seen in Appendix B.
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Figure 3.6 Site layout of instrumentation and data logger locations.

Figure 3.7 displays the recorded water table data from 2011-2015 along with
atmospheric data. P1 along the westbound shoulder shows a very large and rapid response to
heavy infiltration each spring when the water table rises 9-12m over a period of 3-4 weeks. P3
along the eastbound shoulder, however, shows a much smaller response to infiltration and the
water table only rises 4-5 m although the two instruments are only 30 m apart across the
highway. This behavior is rarely seen in a natural hillslopes and was a large cause for concern
when it was first observed. P2 is close to Straight Creek at the base of the valley, which controls
the water table response to some degree and reduces the magnitude of response in the region.
Hence, there are very minimal fluctuations observed in P2 and a rise of only 1-2 m is observed
each year. P4 is recently installed and data from this piezometer is not available for these years.
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Figure 3.7 (a) 4 years of piezometer data, (b) infiltration data from Grizzly Peak, and (c) snow
water equivalent data from Grizzly Peak

3.7 Atmospheric Data

Atmospheric data for this site is provided by a National Resource Conservation Service
(NRCS) SNOTEL station at Grizzly Peak, approximately 14 km southwest of the landslide site.
SNOTEL data provides information regarding daily precipitation, snowpack, temperature, etc.
Snowpack information is reported in terms of snow water equivalents (SWE), which represents
the total height of a water column the snowpack would reduce to if melted (NRCS, 2016).
Precipitation data includes both snowfall and rainfall in the area.

The assumption that Grizzly Peak SNOTEL data is representative of the daily
atmospheric conditions experienced by the Straight Creek landslide watershed is not entirely
accurate. Grizzly Peak station was chosen because it is also a south-facing slope with similar

terrain and the station is at a comparable elevation to 1-70. However, the slope at Grizzly Peak
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is still a significant distance away and much more forested than the slopes near this site. More
exposure at the Straight Creek landslide site most likely leads to faster snow melting that starts
earlier in the year. This is evidenced by the piezometer data showing a water table response
before Grizzly Peak reports any infiltration each year (Figure 3.7). Despite the discrepancy,
SNOTEL data from Grizzly Peak is accepted to generally represent the seasonal atmospheric

data of the Straight Creek landslide.
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CHAPTER 4
CONCEPTUAL MODEL OF HYDROLOGY

The hydrology of the Straight Creek landslide watershed can be described using
fundamental concepts and phenomena of groundwater flow in hillslopes. The controlling factors
of the groundwater behavior are not only the amount of water entering the soil profile, but also
how the soil layers interact with infiltrated water according to their individual soil water retention
curve and hydraulic conductivity function.

The hydrology can be separated into four distinct stages that generally coincide with
annual seasons: winter, spring, summer, and fall. Figure 4.1 shows an example year of the
groundwater and atmospheric conditions corresponding to these stages as observed from
piezometer and SNOTEL data.

Early
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Figure 4.1 Seasonal water table behavior defined for one year (2014) of piezometer data
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4.1 Winter

In the late fall and winter months, the water table is observed at its deepest position with
minimal fluctuation, resting just above the competent bedrock boundary and below the failure
surface of the landslide. During this time, no water is entering the hillslope as snowfall
accumulates along slopes rather than infiltrating. According to historical SNOTEL data from
Grizzly Peak, the maximum annual snowpack in the area can range from approximately 0.3 to
0.8 m of snow water equivalents (SWE). While there may be a few scattered warm days that

cause some snow melt, virtually no infiltration is occurring throughout this stage (Figure 4.2a).

4.2 Spring

In the Rocky Mountains, spring brings warming temperatures that begin to melt the
snowpack faster than it can accumulate and a continual reduction in SWE is observed in
SNOTEL data, as much as 4.5 cm in a single day (NRCS, 2016). The soil near the surface is
very dry at this time as no infiltration has occurred in the previous months, so there is large
matric suction near the surface according to each V R LSWRZ. This suction creates a gradient
in total potential of the liquid water in the system that initiates shallow infiltration and water
enters the hillslope perpendicular to the slope surface (Lu & Godt, 2013) (Figure 4.2b). No water
infiltrates at the highway surface, however, as the snowfall is plowed off the road surface and
the asphalt pavement is relatively impermeable.

Very little change is seen in the water table during this stage and the water table remains
below the failure surface of the landslide. The dry conditions of the surface soils also mean a
reduced hydraulic conductivity according to each V R LHTKE %o the wetting front moves slowly
through the upper layers and has not yet reached the saturated zone of the hillslope. A small
rise along the westbound shoulder (P1) is observed, possibly from plowed snow melting along

the shoulder.

4.3 Summer

During the late fall and early summer months, snowmelt and rainfall continue to infiltrate
into the hillslope and the wetting front reaches the saturated zone near the bedrock boundary.
Due to the extreme contrast between the hydraulic conductivities of the highly fractured gneiss
layer and the competent bedrock, the bedrock acts as a flow boundary for excess groundwater
and flow direction changes to become parallel to the bedrock (Lu & Godt, 2013). The bedrock

in the northern slopes is very steeply inclined (up to 60°), so the total head gradient downslope
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is increased by a large change in elevation along the flow path and large volumes of
groundwater are able to travel downslope swiftly (Figure 4.2c).

When fast-moving groundwater reaches the highway, however, the soils in this area are
not capable of transmitting the same volume of water at the same rate as the highly fractured
gneiss. This is due to lower hydraulic conductivities of the embankment fill and decomposed
gneiss, and the drier conditions that result from no infiltration through the 1-70 pavement directly
above. There is also a change in slope of the bedrock at this location that reduces the elevation
gradient, and the total head gradient, from I-70 to Straight Creek. Since the rate of flow is
JRYHUQHG E\ WKH FRQGXFWLYLW\ DQG WKH Vvdtiom2BbPDthed¢D G JUDGLHC
geologic factors combine to significantly reduce the volume of water that is able to travel past
the highway. According to the law of conservation of mass, this creates a large backup of
groundwater just north of I-70 and a significant rise in water table position occurs along the
westbound shoulder, as seen in P1. The large volume and velocity of the infiltrated water in the
northern slopes allows this backup to reach a maximum height in only 2-3 weeks.

Despite the reduction in elevation gradient, the large rise in water table eventually
creates enough of a pressure gradient to drive a significant amount of flow under the highway
that results in a rise of the water table south of 1-70, as observed in P3 during this time. The
response in this location is much less, however, only reaching a maximum rise of approximately
half the height of the backup to the north because of the reduce flow volume through this region.
Additionally, the response is delayed by as much as 30 days from the initial response in P1 as
the excess groundwater flow is slowed by the lower conductivity soils under the highway.

Further south of 1-70, the embankment fill stops and the decomposed gneiss layer
becomes thinner. Instead, groundwater flow encounters native colluvium and alluvium soils with
higher conductivities. Combined with the reduced flow rate of excess ground water caused by
the soils at the highway, the increased conductivity of these soils and higher moisture content
condition from infiltration at the surface enable the colluvium and alluvium to transmit the excess
flow easily, with minimal fluctuations in the water table, as observed in P2. Additionally, the
water table in this area is very close to Straight Creek, which acts as a relatively constant head
condition in this system and helps to mute the already small response to excess groundwater.

The rise of the water table in P1 and P3 underneath I-70 is enough to saturate the
majority of the landslide failure surface which adds positive pore water pressures and reduces
the effective stress and shear strength of the soils. The water that backs up along the
westbound shoulder generates large amounts of pore water pressure and weakens the soil in

the area significantly.
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4.4 Fall

The late summer and fall months in Colorado are very dry, with warm temperatures and
little rainfall. These atmospheric conditions slow the rate of infiltration into the slope to a point
where the rate of flow exiting the system into Straight Creek is greater than the rate of flow
infiltrating into the hillslope and the water table begins to return to a deeper position (Figure
4.2d). The drainage of the water table occurs at a slower rate than the previous rise of the water
table because occasional rainfall events continue to add small amounts of water to the hillslope
and the change in infiltration rate is not as dramatic as the spring stage. Drier years were
observed to drain completely in 3 months while a wetter year can take up to 5 months.
Eventually, all excess groundwater is released from the hillslope and the water table reaches a

steady state condition until the following spring season.
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a. Winter

b. Spring

c. Summer

Figure 4.2 Conceptual model of site hydrology and proximity to failure surface
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CHAPTER 5
NUMERICAL MODEL OF HYDROLOGY

A two-dimensional numerical model of the Straight Creek landslide was created in order
to simulate the hydrological conditions of the site from 2011-2015 and compare the results with
observed field data from the installed piezometers P1-P4. The numerical model was used to
confirm the conceptual model and observe how transient infiltration affects the hydrological
conditions of the site each year, how the stratigraphy of the site controls the flow of excess
groundwater, and which properties of the site the hydrology is most sensitive too. The HYDRUS
2D/3D software was used for these purposes.

HYDRUS 2D/3D is a computer program capable of simulating fluid and heat flow
through variably saturated porous media. The program uses a finite element mesh in one, two,
or three dimensions in order to solve the equations associated with each phenomenon. For fluid
flow, HYDRUS solves 5LFK DU GV  (Hqution2l7Riough variably saturated media. In
RUGHU WR VROYH 5LFKDUGVY HTXDW LR Qant\HCH p&rahfretetsBfP UHTXLUHYV
each soil layer represented (Simunek et al., 2006). In this case, HYDRUS was used to simulate
liquid water flow through the watershed of the Straight Creek Landslide using the van
Genuchten model of the SWRC and the van Genuchten-Mualem model of the HCF (Simunek et
al., 2006).

5.1 Numerical model setup

A two-dimensional numerical model of the Straight Creek landslide hydrology was
created from the northern upslope boundary of the watershed down to Straight Creek along the
valley floor. The topography north of I-70 was taken from the USGS National Map Viewer
application (USGS, 2012) at 40 ft (12.2 m) intervals. Soil profile information was defined
according to the geological cross section from Figure 3.4.

The total horizontal distance of the domain is 913 m, in order to capture the entire
contributing watershed that encompasses the landslide and the slope down to Straight Creek.
The finite element mesh for this domain consists of 4478 nodes and 9493 elements. The model

domain can be seen in Figure 5.1.
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Figure 5.1 Numerical model domain: boundary conditions, initial conditions, and observation
nodes.

5.1.1 Soil properties
The hydrological properties that define the SWRC and HCF of each soil layer are
needed for the simulation. These properties include the residual and saturated volumetric water

Gnd m).

content ( ; ), saturated hydraulic conductivity (Kss), and the fitting parameters (.
The individual properties of each soil that were used in the model can be seen in Table 5.1.

Table 5.1 Hydrological properties of soil used in numerical model

Material 1 ). " n Ks
(m™) (m/day)
Bedrock 0.06 0.34 1.374 1.72 0.001 0.5
Decomposed Gneiss  0.065 0.41 7.5 1.89 1.06 0,
Highly Frac.Gneiss 0.06 0.34 1.374 1.72 40 0.5
Colluvium 0.08 0.33 2.35 2.12 6 0.5
Tunnel Fill 0.08 0.33 2.35 2.12 0.5 0.5
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5.1.2 Boundary conditions

To accurately represent the watershed, appropriate boundary conditions were applied to
the extents of the numerical domain, as designated in Figure 5.1 $ 31R )J)OX[" ERXQGDU\
condition was applied to the northern vertical boundary to represent the extent of the watershed
DV QR JURXQGZDWHU ZLOO HQWHU RU H[LW WKH V\VWHWV DOFVR WKL
applied to the lower boundary of the domain, far enough below the bedrock boundary to prohibit
vertical seepage through the bedrock layer. A constant head condition was applied to the
southern vertical boundary in order to hold the water table at 8 m below the ground surface and
represent the effects of Straight Creek in the system. The slope surfaces of the watershed were
DVVLIQHG DQ 3$WPRVSKHULF %9RXQGDU\" ZKLFK D@DOAWRZV WKH SUR.
atmospheric air pressures. The surface of - ZDV GHILQHG DV 31R )OX[" WR SUHYHQ
through the impervious pavement.

5.1.3 Initial conditions

The simulation was initially run at a constant infiltration to create an initial pressure head
profile that accurately reflects the water table position observed in the field during winter
months. The run time was sufficiently long enough to reach a steady state condition under a
small infiltration rate of 0.001 m/day. This step resulted in an initial water table that generally
rests along the competent bedrock boundary throughout the hillslope that is shown in Figure
5.1.

5.1.4 Observation Nodes

Four observation nodes were placed in the domain as closely to actual piezometer
locations as possible. As seen in Figure 5.1, Node 4 is situated upslope of I-70 near the
location of P4, Node 3 is underneath the northern edge of I-70 near P1, Node 2 is on the
opposite edge of I-70 near P3, and Node 1 is downslope of the highway near P2.

Observation nodes in HYDRUS report a range of values that describe the daily
conditions experienced at that node for the duration of the simulation. For this case, pressure
head data from each of the four nodes was converted to water table position and used in direct

comparison with observed piezometer data to judge model performance and accuracy.
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5.2 Numerical simulation of transient infiltration fr om 2012-2015

Infiltration in HYDRUS is defined as a length (m) of water column to be applied to all
atmospheric boundaries on a daily basis (Simunek et al., 2006). The daily infiltration data for the
Straight Creek landslide is taken from the Grizzly Peak SNOTEL data as any negative change
in daily snow water equivalents (SWE) and any precipitation when no snowpack exists on the
slope (ie. SWE = 0). For simplicity, it is assumed that all SWE and precipitation enters the
hillslope as infiltration and surface runoff is not considered. This assumption allows the SNOTEL
data to be used directly in the infiltration applied to the numerical model with no further
manipulation. The transient infiltration data was applied to the previously created steady state
condition of the model and a simulation was run for 4 years with SNOTEL data from January 1,
2012 to October 31, 2015. The SWE and assumed infiltration from snowpack melt and rainfall
are displayed in Figure 5.2.
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Figure 5.2 Grizzly Peak infiltration data (a) SWE and (b) infiltration for numerical model

5.2.1 Model performance

When compared with observed field data from piezometers, the simulated results
capture both the quantitative and qualitative seasonal behavior of the water table. The simulated
water table positions from observation node data are shown as dashed lines in Figure 5.3, along

the observed piezometer data shown as solid lines.
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Figure 5.3 Comparison of field measurements and simulation results of ground water table elevations at observation points with
(a) original infiltration data from Grizzily Peak SNOTEL and (b) infiltration data timing adjusted to match water table response in
simulation to observe water table behavior
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Based on the comparison between observed and simulated water table position, several

observations can be made:

X The observed seasonal changes in water table position are reflected in the numerical
simulation with a large rise in the westbound shoulder location occurring first (P1 +
simulated), followed by a smaller rise in the eastbound shoulder location (P3 +
simulated) and minimal change near the toe of the slope (P2 tsimulated).

x Simulated results mirror the observed ratio between the rise of the water table in
westbound (P1) and eastbound (P3) locations each year, which is roughly 2:1.

x The magnitude of water table rise following heavy spring time infiltration is captured with
a simulated 13m and 9m of water table rise in the westbound for 2014 and 2015,
respectively, and 4.5m and

x The magnitude of simulated water table response is dependent on the total amount of
infiltration experienced in the watershed. For example, more infiltration in 2014 yielded
faster and larger water table rise in the westbound location than less infiltration did in
2015.

HYDRUS also shows the pressure head distribution and water table behavior graphically.
These results were used to observe infiltration and groundwater behavior throughout the entire
watershed in comparison to the expected behavior based on the conceptual model. The
pressure head distribution throughout the simulated watershed from each of the four seasonal
stages is seen in Figure 5.4 along with the observed water table position from piezometer data.

In the winter, the simulated water table is resting along the bedrock boundary, deep below
the highway and all soil above the water table is under negative pressure head, or matric
suction. No infiltration is applied during this stage.

The spring stage begins to see shallow infiltration in the slopes north of I-70 as the
simulation shows areas of higher pressure head and increased moisture content close to the
surface. The simulated water table has seen very little changes at this point.

In the early summer, the infiltration reaches the saturated zone and the simulated water
table rises throughout the watershed. The large rise in the westbound location is seen during
this stage in both observed and simulated data, although the simulation shows a slightly higher

rise than what is observed in the field.
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Figure 5.4 (a) Simulated pore water pressure distribution throughout the watershed and (b)
simulated water table near I-70 compared with observed water table during each conceptual
model stage over the course of one year.
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Figure 5.4, continued

In the fall, infiltration slows and the simulation shows a decrease in pressure head and
moisture content in the surface soils and a lowering of the water table throughout the water
shed. The simulated water table drains much earlier in the westbound location than the
observed water table in the field, and the opposite is seen in the eastbound location. This is
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seen in the comparison between observation node and piezometer data, and is also reflected in

the fall stage of the graphical representation.

5.2.2 Limitations and uncertainties

While this numerical model is sufficient to support the conceptual model to explain the
hydrology of this watershed, there are inaccuracies and errors in the simulated water table
positions that can be accounted for with limitations of the model and uncertainties in the input
data. The major inaccuracies of the simulation include the delay in response time of the water
table, the overall lower volume of excess groundwater as marked by the lower volume under the
simulated curves, and the shallower location of the water table near the toe of the landslide.

One of the largest uncertainties in the data lies in the assumption that Grizzly Peak
SNOTEL data is representative of the atmospheric conditions experienced at this site. As
expected, applying the infiltration data from a different site does not yield the exact water table
response that is observed at the Straight Creek landslide. The more exposed site of the Straight
Creek landslide is most likely experiencing a faster rate of snowpack melting that starts earlier
than indicated by Grizzly Peak SNOTEL, which may account for the lag in the arrival time of
water table peaks seen in simulated data and some of the difference between the volume of
water in the hillslope in simulation versus observed data.

The simulation is unable to maintain the observed peak water table position, as seen in
the broad, flat peaks of the westbound piezometer data compared to the thinner, sharper peaks
of the simulation. This discrepancy may also be attributed to the application of inaccurate
infiltration data for the site. If the infiltration at the Straight Creek site occurs over a longer period
of time than that recorded at Grizzly Peak, then the highest position of the water table would be
sustained longer.

In comparison to observed data from the toe piezometer (P2), simulated data near the
toe is fairly inaccurate. Both points are fairly shallow and respond quickly to infiltration in the
area, but the simulated results show an overall shallower water table than what is seen in the
field. The assumed constant head boundary for the southern extent of the modeled watershed
may be a factor in this error as the proximity of the node to the boundary controls the water
table in the area to some degree. In reality, Straight Creek does not provide a constant head as
stream levels change on a seasonal basis. If Straight Creek water levels drop further than the
assigned constant head during the winter, this assumption may be responsible for the higher

simulated water table in the toe region than what is seen in the field.
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5.3 Sensitivity to bedrock boundary location north of I- 70

The competent bedrock acts as a flow boundary for groundwater that infiltrates
LQWR WKH QRUWKHUQ V Onterdhéd Rid Wit kidsedd QHangexslite Hifestion of
flow from vertical infiltration to downslope groundwater flow. The bedrock affects the hydrology
in two ways depending on its depth below the ground surface and its steepness north of I-70.
The deeper the bedrock boundary is below the ground surface, the longer water with infiltrate
vertically before being directed downslope, which will delay the response of the water table near
the highway. The steepness of the bedrock affects the downslope flow rate by reduces the
elevation head and total head gradient. By changing the location of bedrock boundary and
lowering it 10 m north of I-70, the simulation reflects these effects. The water table near I-70
takes much longer to respond and the maximum water table position is less than what is
observed with shallower bedrock in the original model (Figure 5.5).
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Figure 5.5 Comparison of simulated water table behavior with a lower bedrock position north of
I-70

This change also affects the initial conditions each year. The increase in time it takes for
infiltrated water to flow downslope also means the time it will take for the water table to fully
drain and return to a deeper position before heavy infiltration begins again the following spring.
With the shallower bedrock, this delay is enough such that the water table does not have
sufficient time to return to the same position as the previous winter before spring infiltration

begins and raises the water table position again.
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CHAPTER 6
STABILITY ANALYSIS

The stability of the Straight Creek landslide was analyzed under two different conditions,
low water table and peak water table, to observe the effects of the annual hydrology on the
overall factor of safety. The method of slices, a traditional moment-equilibrium technique, was
used to assess the driving and resisting forces along the failure surface and the overall factor of

safety for the landslide.

6.1l 6WDELOLW\ DQDO\VLV XVLQJ %LVKRSfV ORGLILHG OHWKRG

%LVKRSTV PRGLILHG PHWKRG RI VOLFHV ZDVMHWWHG WR GH
along the known failure surface of the Straight Creek landslide under seasonal water table
conditions in winter, spring, summer, and fall. The RocScience SLIDE 6.0 program was used to
perform the calculations for all four scenarios. For the stability analysis, only the immediate
slope containing the landslide was necessary to input into the program, not the entire
watershed. The geological cross section was entered into the program for all conditions and the
necessary soil properties were defined as seen in Figure 6.2 and Table 6.1. The asphalt
pavement of I-70 is considered in the stability analysis because of the weight added to the

failure mass.

Table 6.1 Mechanical properties of soil used in stability analysis

Friction

. Unit Weight, Cohesiong' ,

Material Angle, 3

(KN/m3) (kPa) (deg)

Pavement 25 0 32
Bedrock 23 95 34
Decomposed Gneiss 21 1 23
Highly Frac.Gneiss 22 1 35
Colluvium 20 0 34
Tunnel Fill 21 0 30

Results from SLIDE 6.0 indicate that the landslide is stable under lower water table
conditions with a FS = 1.04-1.05 during fall, winter, and spring seasons and it is unstable under
peak water table conditions during the summer with a FS = 0.95 (Figure 6.2). The reduction in

FS and loss of stability can be attributed to the decrease in effective normal stress ( 1){caused
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by the increase of pore water pressures (u,,) along the failure surface from the water table
migrating from a low position in winter to a peak position in the summer. A decrease in the
effective normal stress leads to a decrease in the available shear strength of the materials,

which is what triggers instability and the slope is susceptible to movement.

Winter
FS =1.05 FS =1.05

Summer Fall
FS =0.95 FS =1.04
{ . |
0 25 50m —

Figure 6.1. SLIDE 6.0 results: overall factor of safety for the failure surface during each
seasonal water table position

A quantitative look at the stresses that occur along the failure plane during low and peak water
table positions is seen in Figure 6.2, where the magnitudes of pore water pressure, effective
normal stress, and shear strength along the failure plane are displayed, from toe to scarp.
According to these results, up to 40 kPa of pore water pressure is generated along the upper
failure surface in the summer and the effective stress is reduced by the same value. This

amount of pore water pressure decreases the shear strength by up to 22 kPa.
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Figure 6.2. SLIDE 6.0 results: quantification of (a) pore water pressure, (b) effective stress, and
(c) shear strength along the failure surface from toe to scarp during peak summer flow and low
winter flow conditions
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Figure 6.2, continued

While the results indicate the landslide is stable when the water table is below the failure
surface, the FS is only slightly greater than 1. This low value is representative of the nearly
equal magnitudes of shear strength and shear stress along the failure surface, as seen in Figure
6.3c. The reduction of shear strength by as much as 22 kPa is more than enough to create the
condition where shear stress is greater than shear strength, and the FS becomes less than 1
and movement of the landslide is possible.

6WDELOLW\ DQDO\VLV XVLQansSaturdtkdRs8ifV OHWKRG

During Phase I, a stability analysis that considered the changes in suction stress due to
WKH REVHUYHG K\GURORJ\ ZzDV SHUIRUPHG XVLQJ %LVKRSTV PHWK
conditions (Lu & Wayllace, 2011). This analysis used an earlier version of the geological cross
section than the previous analysis, but the effects of the suction stress are clearly represented.
The soil profile and slice discretization can be seen below in Figure 6.4.
Three cases were evaluated: no consideration of suction stress during low water table, including
suction stress during the low water table, and including suction stress during a rise in the water

table. First, the water table location was assumed to be in a lower position, as seen in Figure
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6.4, and the suction stress above the water was ignored. The factor of safety was calculated at
0.97 and the slope is expected to fail, although this is not when movement is observed in the
field. Second, the water table was kept in the same position but suction stress above the water
table was set to a constant value of 20 kPa. The factor of safety in this case was calculated at
1.02 and the slope is stable during low water table. Third, the water table was raised by 1.0 m
and the suction stress was held at 20 kPa. The factor of safety goes 0.99 when the water table
rises. The calculation tables for these conditions can be seen in Appendix C.

r=174.4m
OO
41° 35° 29° 257 22°19°15° 11°9°5° [y, = 595y kN/m, h, =-6.44 m, o, = 41°

W, = 148.0y kN/m, h, =-321m, o, = 35°
W, = 183.0y kN/m, h,= 0.00m, o, = 20°
W, = 186.0y kN/m, h, = 0.00m, o, = 25°
Wi = 175.0y kN/m, he = 0.00 m, o = 22°
. W, = 151.0y kN/m, hy = 0.00 m, a = 19°

W, = 145.0y kN/m, h, = 0.00 m, a, = 15°
Wo= 79.0ykN/m, ho =-6.83m, a5 = 9°
A. Colluvium: ¢'= 0, ¢'= 40°, y =20.44 kN/m? ° : e %

. W, = 43.0vkN/m, h,q= 743 m, cg= 5°
B Decomposed gneiss ¢ =0, ¢'= 40°, y =21 19 kN/m? .h W, = 15.07kN/m, hyy =-7.52m, oy = 0°

3280

3260

3240

3220 W, = 115.0ykN/m, h, = -3.32 m, o, = 11°

Elevaticn above sea level (m}

3200 h
C. Bedrock: Gneiss: ¢'= 96 kPa, ¢'= 40°, y =22 76 kN/m? ,__ \
n=1 2 3 4 5 6 7 8 9 10 1=== W
3180 T 1T T T LI T T T T T LI T T T T T T 1T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200

Horizontal Distance (m)

Figure 6.3. Failure mass discretization and soil profile from stability analysis in unsaturated soil
conditions (Lu & Wayllace, 2011).

The values of calculated FS are very similar to what is seen in the traditional calculation
XVLQJ %LVKRSYVY PHWKRG EXW WKH LQFOXVLRQWWINVXGCW [FRQ@ & VWIH
in the slope under lowest water table conditions. The results also show instability due to a rise in
the water table, same as the traditional analysis, but they also illustrate the sensitivity of this
failure surface to changes in suction stress. The Straight Creek landslide stability is highly
dependent on the hydrological conditions of the site and minor changes in water content may be

enough to trigger movement.
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CHAPTER 7
SUMMARY & CONCLUSIONS

Infiltration-induced landslides are a dangerous geological hazard in the United States
and across the globe and their occurrence results in expensive damages that often claim lives.
These landslides are triggered by a change in the hydrological conditions at the site, although
the changes have historically only been accounted for by a change in the water table position
and the matric suction and suction stress of unsaturated soils in the area are widely ignored.
The exclusion of the effects of the hydrological changes on the mechanical properties of the
soils in the vadose zone can lead to inaccurate analysis of the slope stability and an
underestimation of the factor of safety of slope. By using the hydro-mechanical framework in
analyzing an infiltration-induced landslide, the site can be better characterized and the triggering
mechanism can be better understood in order to predict future instability of the slope and design
effective, economical mitigation or remediation.

The objectives of this research were to accurately characterize and analyze the Straight
Creek landslide hydrology and use the results as a case study for the use of a hydro-
mechanically coupled framework and illustrate the importance of including matric suction and
suction stress in the stability analysis. The numerical model of hydrology was used to
understand the relationship of the site with changes in moisture content, or infiltration, and how
the hydrological conditions change throughout the watershed under different atmospheric
conditions. The results were then used in a limit-equilibrium stability analysis that compared the
factor of safety of the failure surface under different seasonal hydrological conditions to
understand the effects of suction stress on the stability of the landslide.

The Straight Creek landslide can be viewed as a case study for the importance of the
hydro-mechanical framework in the characterization and analysis of infiltration-induced

landslides with the following conclusions:

X The unique hydrology of the Straight Creek landslide is due to large size of the
watershed that allows a significant amount of infiltration into the hillslope, the contrast of
hydrological properties of soils in the watershed that control the direction, speed, and
amount of excess groundwater flow that can travel through the slope, and the steepness

of the bedrock and flow boundary in the northern slopes of the watershed.
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X An accurate characterization of the soil layers, stratigraphy, and atmospheric conditions
is extremely important in the hydro-mechanical analysis of infiltration-induced landslides.
These factors must be defined throughout the entire watershed, not only the immediate
landslide area, to fully understand the hydrological conditions of the immediate landslide
site.

X Introducing soils to a slope with different engineering properties can greatly affect the
hydrology of a site and result in undesirable hydrological conditions that may lead to
instability.

x Transient hydrological conditions must be considered in infiltration-induced landslide
stability analyses as the mechanical properties, effective stress and shear strength, are
dependent on the water content of the sail. Infiltration from the surface changes the
water content in a profile, and may result in instability of the hillslope without saturation

along a failure surface.

The findings of this research and Phase Il of the CDOT, CSM, and USGS collaboration for
the Straight Creek landslide identify the trigger failure mechanism as a significant change in
hydrological conditions along the westbound shoulder of I-70. These results can aid in future
work on the site and the goals of Phase Il to design an effective, economical, and low impact
mitigation system that will prevent further movements of the embankment and reduce the risk of
catastrophic failure. By identifying the failure trigger, design features can be focused on
reducing the change of hydrological conditions along the failure surface and a mechanical
stabilization can possibly be avoided. This will save time, taxpayer money, and not require

major closures of I-70 as estimated previously.
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APPENDIX A
CSM BOREHOLE LOGS

Westbound (P1/INC4) zlog by M. Morse, CSM (2011)

BORING LOG 08/31/2011 BOREHOLE 1 - WESTBOUND I-70 SHOULDER AT MM 212, = Ao
Drilled: CDOT (D. Novak) 166 FT WEST OF ELECTRICAL BOX Ay f-‘j & o g
Logged: CSM, USGS (M. Morse, A. Wayllace) E E =8, % =
ey >~ )
DESCRIPTION LOG Q| <85
a w2 < e

<

Asphalt 0.5
Angular cobbles of granite i
and monzonite (<4” diameter) with gravel 19/0
7.0
Boulder from 7-8’ 14/0
Sand (SW-SM) with angular gravel-sized clasts of granite and monzonite and 10% fines, 12.0
high moisture content 3.9)
26/0
17.0
Rapid drilling (11,12)
4/0
Sandy silt (ML) with 30% (D =24 (11,12)
cobbles and 10% angular grave] == (D
to 28’ @, 8/0
25.9
8 8& 27 (12,12)
Weathered monzonite, I~ 28.0 ’
red and pink alterations, % ’s 50/10
highly fractured and friable N~
N 32.0 (28,28)
Cobbles between layers s o
of weathered bedrock ~ s 54/28
at 327 4 36.0
L N\
y s s . ; 0 5 ~ 37.0 (26,28)
More competent gneiss at 36°, slightly weathered, less alterations, dark minerals (biotite and | f™~_ ~_4
hornblende) are significantly (N TN 395 S
more abundant; weathered L
gneiss from 37.- 39.5% ’ L — 420
competent gneiss resumes at 39.5° ,
2 100/55
&K Y
2N | — 470
4” pegmatite present in competent gneiss at 50° N i 100/80
Q
N — 520
= 100/75
Z
N
57.0
LEGEND I Core sample California sample
C0bbles witl_l sandy =X ] Highly weathered £ | More competent gneiss;
P or silty matrix N2 gneiss A £ | bedrock
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Toe (P2) xlog by M. Morse, CSM (2011)

BORING LOG 09/15/2011 BOREHOLE 2 - 300’ DOWNSLOPE FROM I-70 EASTBOUND
Drilled: CDOT (D. Novak) GUARD RAIL, MM 212
Logged: CSM, USGS (M. Morse, A. Wayllace)

DESCRIPTION LOG

Angular cobbles (2”) of granite and monzonite with a matrix of light brown mcdlum-gramed
sand, well-sorted with some = - -

gravel and trace (<5%) silt
1’ altered monzonite boulder
at 3°

Boulder from 8-9°

Boulder of gneiss composed mostly of dark minerals (80-90%) between 10-12.5¢; cobbles
and sand as above

Highly weathered gneiss with [5
lots of biotite in a sandy . €
matrix between 17 - 18’ - * —

Competent gneiss from 21-23.5¢, more dark minerals than weathered bedrock above, small
pegmatites 1-2“ in width; = - s

Highly weathered bedrock
from 23.5 - 25’ in a matrix

h

A

00 1V

slelelom

LD

Back to competent
bedrock at 25¢, very few fractures, fractures contain muddy matrix as above

DEPTH (ft)

5.0

10.0

14.0

17.0
18.0

20.0
21.0
235
250
27.5

30.0

m
)
&
=
<
%)

TYPE

%REC/RQD
(BLOWS/FT)

307
3.9

22/9

38/28

38/0

75150

80/50

100/50

100/50

CALIFORNIA SAMPLE DESCRIPTION (57)

Liner 1: No recovery

Liner 2: No recovery

Liner 3: No recovery

Liner 4: SW-SM Brown silty sand with cm-scale gravel (10%)
DRILL NOTES

Drill rig: CME 55/300
Drill bit inner diameter = 2.5”
Total depth = 30.0°

LEGEND I Core sample
i?}ggj Cobbles with sandy  [TA_] Highly weathered

California sample

’ . £ ™| More competent gneiss;
q or silty matrix N2 gneiss A £ | bedrock
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Eastbound (P3/INC5) zlog by M. Morse, CSM (2012)

BORING LOG 08/03/2012 BOREHOLE 10 - EASTBOUND I-70 SHOULDER ATMM 212, 2= T
Drilled: CDOT (D. Novak) ~50 FT WEST OF EASTERN EXTENT OF SLIDE st 5 8 g
Logged: CSM (M. Morse, A. Wayllace) ,g = E % 3
) o
0
DESCRIPTION LOG B |s ?a‘
Asphalt 0.5
Anguiar cobbles of granite
and monzonite (<4" diameter) with gravel 190
7.0
Boulder from 7-8° 14/0
Sand (SW-SM) with angular gravel-sized clasts of granite and monzonite and 109 fines, 12.0
high moisture content 3.9
260
17.0
Rapid drilling (1L,12)
40
22
Sandy sile (ML) with 30% - 2.0 A112)
cobbles and 10%% angular gravel :
t0 28’ 20
259
270
O 4 az1)
Weathered monzonite, I A =
red and pink alterations, [~ T 3010
highly fractured aud frizble o
N 320 (28.28)
Cobbles between layers % x
of weathered bedrock I~~~ 5428
ar32’ ’24 ’R = 3560
~— 7~ 37.0 (26,28)
More competent gneiss at 367, slightly weathered, less alterations, dark mnerals (bzotme and | I N
borblende) are significantly o R 305 ,
more abundant; weathered P 80735
gneiss from 37 - 39.5"; L — 420
Ccompetent gneiss resumes at 39,5 L
2 100/55
FLUO 2
LN\ 1— 470
4" pegmatite present in competent gneiss at 507 n~ 41 100/80
<A
N 520
L 2 100/75
£
N
57.0
LEGEND I Core sample BEEEE Califormia sample
J Cobbles with sandy [ A_] Highly weathered £ 1~| More competent gneiss;
or silty matrix M2 gneiss A £ | bedrock
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North (P4) £B. Thunder (2015)

BORING LOG 11/10/2015 BOREHOLE 4 - 70M UPSLOPE OF I-70
Drilled: CDOT (A. Moreno) SHOULDER, MM 212.0-212.1
Logged: CDOT (J. Sieberg)

= (@)
. o 2 g
Description S 8 o
Colluviumtop soil 09,9
psoil 4 K 5
-
‘\:\'
‘\:\a
~‘\¢
~ 0%
-
-
-
-
-
-
Highly fractured ~
granite and gneiss, N
pebblesize pieces, — ~
clean fractures ~_L 20 18%
‘\:\'
-
-
-
-
N\
-
-
e 0%
-
-
-
N
N~
L ~ 33
Less fractured granite with A 48%
muscovite veins ~A 36’
by .
B Heavily weathered granite with ~ 0%
\ trace clay infilling ~
= 40’
A
A
A
Off-white granite bedrock with N 95%
some horizontal fracturesand =y | 5
muscovite zones A
A
A ,
- 50
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APPENDIX B FIELD INSTRUMENTATION SET UP

Piezometer Equipment Information:

Dataloggers: (2) Campbell Scientific CR10X datalogger

(2) Campbell Scientific AVW200 vibrating wire analyzer
Piezometers: (4) Geokon 4500S Vibrating Wire Piezometer +350 kPa capacity
Software: PC200W - datalogger communication

LoggerNet - datalogger program writing
Microsoft Excel *piezometer calibration

CR10X
2-VW
Piezometer
Input Channels
AVW200

Power Source &
AC/DC Transformer

Desiccant

Figure B.1 Sample datalogger field setup with CR10X and AVW200 sampling 2 VW
piezometers
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Piezometer Installation

Procedure:

1. Calibrate piezometer in laboratory to obtain polynomial coefficients (see Geokon 4500S
manual)

Figure B.2 Laboratory calibration of vibrating-wire piezometer

2. Splice cable to extend wire to datalogger box location.

Figure B.3 Piezometer cable splicing in laboratory
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3. Field calibrate piezometer in borehole prior to installation and test accuracy of instrument
with simultaneous water table indicator or similar device.

Figure B.4 Field calibration and accuracy check of piezometer in borehole

4. Run piezometer cable through aluminum conduit to protect from animals, weather, etc.

Figure B.5 Piezometer cable protected with aluminum conduit
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5. Install piezometer in borehole, tip up to allow any air to escape instrument.

13
3

Figure B.7 Piezometer placed in borehole

6. Measure installation depth of piezometer and place clean, coarse sand filter with
bentonite seal.

Figure B.8 Piezometer installation (a) coarse sand used for filter, (b) borehole sealed with
bentonite

7. Wire piezometer to AVW200 and seal joints in conduit.
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CR10X Data Logger Program for AVW200 with 2 VW Piezometers

};,CR10X
;AVW200_2VWs.dld
%
;:Freq_toe :T_ohm_toe:Amp_toe :Freq_EB :T_ohm_EB
"Amp_EB :Freq_Hz t:T_koh_toe:Freq_sq_t:Digit_toe
;:Freq_Hz_E:T_koh_EB :Freq_sq_E:Digit EB :

»Year 1 :Day :Hour :Min :Sec

5 ‘VW_EB

$

1%

;Final Storage Label File for: AVW200_2VWs.csi
:Date: 10/3/2012

;Time: 18:51:52

;1 Output_Table 3600.00 Sec
11L

;2 Year RTM L

;3 Day RTM L

;4 Hour_Minute_ RTM L
;5 Seconds_RTM L

;6 Amp_toe H

;7 Freq_ Hz t H

;8 T_koh toe H

;9 Digit_toe H

;10 Amp_EB H

;11 Freq_Hz_ E H

;12 T _koh EB H

;13 Digit EB H

;Estimated Total Final Storage Locations used per day 504
1%

MODE 1
SCAN RATE 3600

1:P18
1:3
2:0000
3:16

2:p22
1:1
2:0000
3:10
4:0000

3:P105
1:1
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2:0
31
4:1
5:1.0
6:0.0

4:pP31
1:1
2:7

5:P31
1:2
2:8

6:P36
1:1
2:1
39

7:P37
19
2:0.001
3:10

8:P31
1:4
2:11

9:P31
15
2:12

10:P36
1:4

2:4
3:13

11:P37
1:13
2:0.001
3:14

12:P86
1:10

13:P80
1:01
2:0001

14:P77
1:1111
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15:P78
1:01

16:P70
1:1
2:3

17:P70
1:1
2:7

18:P70
1:1
2:8

19:P70
1:1
2:10

20:P70
1:1
2.6

21:P70
1:1
2:11

22:P70
1:1
2:12

23:P70
1:1
2:14

MODE 2
SCAN RATE O

MODE 3

MODE 10
1:32

2:64

3.0

MODE 12
1:0000
2:0000
3:0000
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APPENDIX C

%,6+23976 0(7+2' )25 816%$785%$7(' 62,/6 &$/&8/H(621 7$%

All tables taken from Wayllace & Lu (2011)

Table C.1 Extended Bishop's method suction stress above water table equal to 0 kPa

g = 21.19 c'= of/'= 22 water table rise 0.00 (m)
FSs = 0.97 Variably saturated-hydrostatic
1 2 3 4 5 6 7 8 9 10 Driving force 12 Resistance
Slice #| W, h, s.° | a, b, | u,b, cb, u,b,tanf' | Wtan 7' W, sina, | (8+10-9)/12
Unit |(kN/m)| (m) |(kPa/m)| (deg)| (m) [ (kN/m)| (kN/m) (kN/m) (kN/m) (kN/m) (eq.9.43) (kN/m)
1 1339| -4.37 0.00 42| 10.00 0.00 0.00 0.00 540.89 895.80 1.01 536.50
2 3136 -2.1 0.00 35| 10.00 0.00 0.00 0.00 1267.07 1798.80 1.05 1210.95
3 3878 1.2 11.76 29| 10.00| 117.60 0.00 47.51 1566.72 1879.98 1.07 1424.27
4 3941 3.5] 34.30 25| 10.00| 343.00 0.00 138.58 1592.40 1665.68 1.07 1354.02
5 3708 4.6] 45.08 22| 10.00| 450.80 0.00 182.14 1498.23 1389.13 1.08 1223.63
6 3200 3.4] 33.32 19| 10.00| 333.20 0.00 134.62 1292.76 1041.72 1.07 1077.86
7 3073 1.2 11.76 15| 10.00| 117.60 0.00 47.51 1241.39 795.23 1.07 1117.40
8 24371 -1.1 0.00 11| 10.00 0.00 0.00 0.00 984.55 464.97 1.06 931.28
9 1674 -4.8 0.00 9| 10.00 0.00 0.00 0.00 676.34 261.87 1.05 644.35
10 911.2| -55 0.00 5] 10.00 0.00 0.00 0.00 368.14 79.41 1.03 357.17
11 3179 -6.1 0.00 0| 10.00 0.00 0.00 0.00 128.42 0.00 1.00 128.42
S 10272.61 10005.84
FSs 0.97
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Table C.2 Extended Bishop's method with suction stress above water table equal to 20 kPa

I-70 g = 21.19 c'= 0f/= 22 water table rise 0.00 (m)
FSs = 1.02  Variably saturated-hydrostatic
1 2 3 4 5 6 7 8 9 10 Driving force 12 Resistance
Slice #| W, h, s.° | a, b, | u,b, cb, u,bytan7' | Wptan 7" W ,sina, [ (8+10-9)/12
Unit |(kN/m)| (m) |(kPa/m)| (deg)| (m) | (kN/m) | (kN/m) (kN/m) (KN/m) (KN/m) (€0.9.43) (KN/m)
1 1339| -4.37| -20.00 42| 10.00{ -200.00 0.00 -80.81 540.89 895.80 1.01 616.64
2 3136 -2.1] -20.00 35| 10.00{ -200.00 0.00 -80.81 1267.07 1798.80 1.05 1288.18
3 3878 1.2] 11.76 29| 10.00| 117.60 0.00 47.51 1566.72 1879.98 1.07 1424.27
4 3941 3.5 34.30 25| 10.00] 343.00 0.00 138.58 1592.40 1665.68 1.07 1354.02
5 3708 4.6] 45.08 22| 10.00] 450.80 0.00 182.14 1498.23 1389.13 1.08 1223.63
6 3200 3.4 33.32 19] 10.00| 333.20 0.00 134.62 1292.76 1041.72 1.07 1077.86
7 3073 1.2] 11.76 15| 10.00( 117.60 0.00 4751 1241.39 795.23 1.07 1117.40
8 2437 -1.1| -10.78 11| 10.00( -107.80 0.00 -43.55 984.55 464.97 1.06 972.47
9 1674 -4.8| -20.00 9] 10.00] -200.00 0.00 -80.81 676.34 261.87 1.05 721.33
10 911.2| -5.5] -20.00 5] 10.00] -200.00 0.00 -80.81 368.14 79.41 1.03 435.56
11 3179 -6.1] -20.00 0] 10.00] -200.00 0.00 -80.81 128.42 0.00 1.00 209.22
S 10272.61 10440.59
FS 1.02

»
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Table C.3 Extended Bishop's method with 1 m water table rise and suction stress equal to 20 kPa

I-70 g = 21.19 c'= of,= 22 water table rise 1.00 (m)
FSs= 0.99 Variably saturated-hydrostatic
1 2 3 4 5 6 7 8 9 10 Driving force 12 Resistance
Slice #| W, h, s.° | a, b, | u,b, cb, usbytan?' | Wytan 7' W ,sina, | (8+10-9)/12
Unit |(KN/m)| (m) |(kPa/m)|(deg)| (m) | (kN/m)| (kKN/m) (KN/m) (kN/m) (kN/m) (eq.9.43) (KN/m)
1 1339 -4.37| -20.00 42| 10.00{ -200.00 0.00 -80.81 540.89 895.80 1.02 611.77
2 3136 -2.1| -20.00 35| 10.00{ -200.00 0.00 -80.81 1267.07 1798.80 1.05 1279.76
3 3878 1.2| 2156 29| 10.00| 215.60 0.00 87.11 1566.72 1879.98 1.07 1379.63
4 3941 3.5| 44.10 25| 10.00| 441.00 0.00 178.18 1592.40 1665.68 1.08 1310.95
5 3708 4.6 54.88 22| 10.00| 548.80 0.00 221.73 1498.23 1389.13 1.08 1181.88
6 3200 3.4 43.12 19| 10.00| 431.20 0.00 174.22 1292.76 1041.72 1.08 1037.24
7 3073 1.2 21.56 15| 10.00| 215.60 0.00 87.11 1241.39 795.23 1.07 1077.21
8 2437 -1.1| -0.98 11| 10.00] -9.80 0.00 -3.96 984.55 464.97 1.06 933.00
9 1674 -4.8] -20.00 9| 10.00]| -200.00 0.00 -80.81 676.34 261.87 1.05 720.04
10 911.2| -5.5| -20.00 5| 10.00]| -200.00 0.00 -80.81 368.14 79.41 1.03 435.12
11 317.9] -6.1] -20.00 0| 10.00] -200.00 0.00 -80.81 128.42 0.00 1.00 209.22
S 10272.61 10175.81
FSs 0.99
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APPENDIX D

STRAIGHT CREEK LANDSLIDE PHOTOS

Figure D.1 Cracking in I-70 westbound lanes from landslide head scarp (B. Thunder, 2014)
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Figure D.2 Damage to eastbound lanes guardrail from landslide movements (M. Morse, 2012)
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Figure D.3 Spring drainage from downslope of I-70, west of landslide (B. Thunder, 2015)
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Figure D.4 Rotated vegetation growth in toe scarp of landslide (M. Morse, 2011)
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Figure D.5 Toe scarp soil profile (M. Morse, 2011)
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