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ABSTRACT 

This thesis presents the findings of Phase III of an ongoing investigation of a 

seasonally episodic, infiltration-induced landslide, known as the Straight Creek slide, 

which has caused over 2 m of roadway subsidence along a stretch of I-70 since 

construction of the highway embankment in 1973. While the general causes of 

instability were determined in previous phases, the factors causing variability in slide 

movement and the effects of remediation techniques were not well understood prior to 

this study. The purpose of Phase III is to reduce these uncertainties, and to propose an 

alternative remediation technique.  

Phases I and II (2010 to 2014 and 2014 to 2016) of this investigation, conducted 

as a partnership between the Colorado Department of Transportation and researchers 

at the Colorado School of Mines and the U.S. Geological Survey Landslide Hazards 

Program, identified the slide triggering mechanism as the interaction of rapid infiltration 

of spring snowmelt with site stratigraphy. This infiltration, in combination with a large 

and steeply graded watershed composed of high hydraulic conductivity material, 

produces high groundwater flux through the embankment; as the conductivity of the 

embankment material and native material beneath it are substantially lower than in the 

watershed above, this high flux creates high pore pressures in saturated zones and low 

suction in unsaturated zones. This produces low effective stress along the slide failure 

surface, which runs underneath the embankment, resulting in seasonal instability and 

movement. 
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 Phase III incorporates borehole logs, atmospheric data, streamgage data, 

inclinometer data, and piezometer data with coupled hydro-mechanical stability 

analyses to evaluate the effect on the stability of the Straight Creek slide of variability in 

infiltration characteristics and of remediation projects undertaken in 2011 and 2012. Of 

those studied, the most important single-year atmospheric factor causing instability is 

found to be the amount of snowmelt, followed by the rate at which it infiltrates; other 

single-year factors, including early partial snowmelt and summer rainfall, are found to 

have a relatively negligible effect. Consecutive years of high or low infiltration are shown 

to have a compounding effect on site hydrology, so that stability in a given year is 

influenced by the preceding years. The weight-reducing caissons installed in 2011 and 

2012 are found to have no substantial effect on slide movement, as they reduce normal 

forces and frictional resistance along the failure surface as well as gravitational driving 

forces. The horizontal drains installed near the slide toe are found to only reduce pore 

pressures and increase stability in a limited area due to the low conductivity of 

surrounding materials. Based on these analyses, a new drainage system is proposed 

and evaluated, which would be installed above the highway embankment in order to 

intercept groundwater before it encounters the conductivity contrast. Numerical 

modeling demonstrates that this design can dramatically improve slope stability. 
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CHAPTER 1  

INTRODUCTION 

 Landslides are among the most common natural disasters facing modern 

civilization. In addition to the direct threat to human lives they present, landslides cause 

huge losses through damage to buildings and infrastructure that incur both repair costs 

and lost economic activity. Damage to transportation infrastructure networks is 

especially common, as these networks must link any cities, industrial areas, or other 

economic centers that are separated by mountain ranges where landslides frequently 

occur. While human fatalities are generally low in landslide events that affect 

transportation networks, the cost of repairs and lost economic activity can be immense 

(Lu and Godt, 2013).  

Landslides are most common in the mountainous areas of South America and 

Asia, but are also a persistent threat in the western and coastal United States. Western 

Colorado, in the rugged Rocky Mountains, is one region that is vulnerable to landslide 

hazards; the Colorado Department of Transportation (CDOT) is currently tracking 124 

slides that involve or threaten highway embankments, about half of which are classified 

as “high” or “extreme” risk (Thunder, 2016). Estimates of the costs to reduce the risk to 

a moderate level often exceed tens of millions of dollars per slide, creating a strong 

public interest in maximizing the efficacy and minimizing the cost of interventions. To do 

this, the causes of slides and the effects of intervention projects must be more 

thoroughly understood. With this goal, CDOT initiated a partnership with researchers at 

the Colorado School of Mines (CSM) and U.S. Geological Survey Landslides Hazard 
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Program (USGS-LHP) in 2010 to investigate the Straight Creek landslide along 

Interstate 70 in Summit County, which has experienced episodic annual movement 

since 1973. 

The Straight Creek landslide is located approximately 80 km west of Denver and 

involves a section of highway embankment carrying I-70 on a steep south-facing slope. 

This section of I-70 sees average daily traffic of 20,000 vehicles (Thunder, 2016) and is 

of particular importance to the trucking and tourism industries; the only nearby 

alternative route goes over the Loveland Pass, a steep and narrow two-lane mountain 

road with tight switchbacks that are difficult for large trucks to navigate. The slide’s size, 

classified as “large” by CDOT, would make reconstruction of the embankment or 

extensive mechanical stabilization extremely expensive (Kumar, 1997). The remote and 

steeply sloped site location would pose additional difficulties for large-scale remediation 

projects, and the complete loss of usability during such projects would impose 

substantial burdens on the local population, the tourism that powers much of the local 

and state economy, and the trucking industry. Additionally, the hydrology of this site, 

which triggers the slide movement and is controlled by rapid infiltration during the spring 

snowmelt season (Lu and Wayllace, 2011), is markedly distinct from that of natural 

hillslopes, and could help inform a general understanding of the hydrology of similar 

slopes with constructed embankments. An investigation of this site therefore has great 

potential value. 

The embankment was constructed in the late 1960s from excavated material, or 

cuttings, from the nearby Eisenhower-Johnson Memorial Tunnels (Robinson, 1971). 

Landslides were triggered by slope cutting operations, leading to the first geotechnical 
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investigation of the area by Robinson & Associates in 1969. This investigation provided 

information on the local geology and scattered water table position measurements. In 

1973, a bulge appeared in the eastbound lanes of I-70 within what later became known 

as the Straight Creek slide area; excess pore pressure was identified as the cause, and 

a dendritic underdrain system was installed 2 m below the highway surface. This 

system was destroyed and buried when the embankment was widened in 1979 (Kumar, 

1997).  

Sometime in the mid-1970s, the bulging turned to downslope movement, causing 

subsidence of the highway surface. What was then the Colorado Department of 

Highways (CDOH) assumed that the subsidence was due to settlement of the 

embankment material, and addressed it with asphalt capping to maintain a level traffic 

surface. However, the movement did not stop; in 1996, CDOT commissioned an 

investigation by Kumar & Associates into the cause of subsidence and potential 

remediation strategies. This investigation provided further geological characterization 

and the identification of a sheared zone below the embankment that indicated an 

ongoing slide failure. CDOT installed inclinometers in 2007 and 2008 that indicated over 

5 cm of lateral displacement in just over a year; in an attempt to slow the rate of sliding, 

CDOT hired Shannon & Wilson to install weight-reducing caissons under the westbound 

lanes in 2011, and horizontal drains near the slide toe and more weight-reducing 

caissons under the eastbound lanes in 2012. CDOT also initiated the investigation with 

CSM and USGS-LHP in 2010. 

The CSM and USGS investigation has progressed in three successive phases. 

Phase I consisted of mapping the extents of the slide, drilling three boreholes to further 
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characterize subsurface materials and their distribution, installing piezometers in all 

three boreholes to monitor groundwater levels and inclinometers below both shoulders 

of the highway to monitor slide movement, and developing a conceptual model of the 

site’s seasonal hydrology. The detection of an unusually pronounced spike in spring- 

and summer-time groundwater levels below the upslope, westbound shoulder (Lu and 

Wayllace, 2011) prompted the installation of an additional piezometer on the slope 

above the highway in Phase II of the investigation. This second phase also 

encompassed the gathering of atmospheric data, which along with the piezometer data 

was used to constrain several numerical models that confirmed and refined the 

conceptual model of seasonal hydrology and its effects on slope stability. 

This thesis presents the findings of Phase III of the investigation, which involves 

installing additional field instrumentation, gathering additional data on atmospheric and 

groundwater conditions, and extending stability analyses to consider the spatiotemporal 

evolution of instability using a local factor of safety concept incorporated into hydro-

mechanical modeling. The purpose of Phase III is to resolve uncertainty about where 

the failure surface intersects the roadway, to characterize the effect on site hydrology 

and stability of annual variability and multi-year patterns in infiltration characteristics, to 

assess the impact of the remediation work conducted in 2011 and 2012, and to propose 

and evaluate a new, more targeted remediation design. 

Chapter 2 of this thesis briefly introduces the relevant engineering concepts and 

terminology used in the remaining chapters. It includes a review of the effective stress 

concept and how it governs stability in hillslope environments, and how it is coupled to 

hydrology in unsaturated soils by the unified effective stress theory (Lu et al., 2010). 
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The second chapter also demonstrates how the new local factor of safety method is 

used to assess slope stability by computing a ratio between driving forces and 

resistance at every point within a slope.  

Chapter 3 thoroughly describes the site characterization, subsurface material 

properties and distribution, and the conceptual model of seasonal hydrology and 

stability, which describes how rapid infiltration from spring snowmelt causes dramatic 

pore pressure increases and loss of stability in the summer. Chapter 3 also describes 

the site instrumentation and other data sources, including piezometers, inclinometers, 

previous investigations, a National Resource Conservation Service (NRCS) 

meteorological data gathering station, a USGS stream gage, and how this data is 

adapted for use in Phase III analyses.  

Chapter 4 describes the numerical modeling methodology, including the 

adaptation of the existing hydrologic model for coupled hydro-mechanical stability 

analyses and the use of atmospheric data as model input. A new method for 

establishing initial conditions by applying cyclic infiltration patterns approximating a year 

of average infiltration, based on atmospheric data, is discussed, as is the evaluation of 

model results, including observation nodes used as analogues for piezometers and the 

interpretation of contour maps of local factor of safety fields.  

Chapter 5 presents the findings of all analyses in Phase III. These analyses 

address the following research questions: 
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 Does the failure surface intersect the highway surface at the median, as 

previously thought, or closer to the westbound shoulder, as possibly 

indicated by several lines of evidence? 

 How sensitive is embankment stability to annual variability in atmospheric 

conditions? 

 Can multi-year patterns in atmospheric conditions affect site hydrology 

and embankment stability? 

 What were the effects of remediation techniques, consisting of weight-

reducing caissons beneath the highway surface and horizontal drains near 

the slide toe, employed in 2011 and 2012? 

 What remediation technique could be more effective, based on prior 

analyses? 

Chapter 6 summarizes the results from all branches of this third phase of the 

investigation, their implications for the Straight Creek slide and others like it, and the 

broader contributions to the field of hillslope hydrology and stability. 
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CHAPTER 2  

RELEVANT ENGINEERING CONCEPTS 

This chapter briefly introduces geotechnical engineering concepts used 

throughout this thesis. The purpose is not to fully explain these concepts, but to clarify 

the theoretical framework and terminology used in following chapters. 

2.1 Matric Suction and the Soil Water Retention Curve 

Matric suction, ψm, is a state variable describing soil water potential and is 

commonly defined as 

ψm = ua −  uw     (2.1) 

where ua is pore air pressure and uw is pore water pressure. Matric suction is of critical 

importance to hydro-mechanical behavior in variably unsaturated soils; it is also 

expressed as matric suction head, hm, by dividing matric suction by the unit weight of 

water. Matric suction is related to volumetric water content θ by the soil water retention 

curve (SWRC), also called the soil water characteristic curve (SWCC). The SWRC is 

highly variable between soils due to pore characteristics and particle electrochemical 

properties. Figure 2.1 below shows conceptual SWRCs for representative sand, silt, and 

clay soils; the pattern of increasing matric suction values for a given water content with 

decreasing particle size generally holds true. SWRCs are highly nonlinear but 

monotonic, with an increase in water content always producing a decrease in matric 

suction. 
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Figure 2.1 Conceptual SWRCs for three representative soil types. 

Several different mathematical models of the SWRC exist. The work in this thesis 

exclusively uses the van Genuchten (1980) model, which has the form 

 θ hm  = {θr + θs − θr
1+|ahm|n m      hm < 0

θs                             hm ≥ 0
             (2.2) 

where θr is the residual (or minimum) water content, θs is the saturated (or maximum) 

water content, α is the inverse of air-entry pressure, and n and m are fitting parameters 

related to pore geometry and connectivity. Refer to van Genuchten (1980) and Lu and 

Likos (2004) for further discussion of the van Genuchten SWRC model. 

2.2 Hydraulic Conductivity Function 

The hydraulic conductivity (k) of a soil governs the flux, or volumetric flowrate, at 

which water passes through the soil at a given hydraulic head gradient through it 

according to Darcy’s Law (Darcy, 1856): 
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q = kiA          (2.3) 

where q is the flux, i is the hydraulic head gradient, and A is the cross-sectional area 

through which flow is considered.  

However, the value of hydraulic conductivity is not a constant. It is highest when 

a soil is fully saturated and the pore water is fully connected. As the soil desaturates, 

this connectivity is lost, flow paths become more tortuous, particle-water interactions 

affect flow more strongly, and the hydraulic conductivity decreases. This relationship 

between water content, or saturation level, and hydraulic conductivity is expressed by 

the hydraulic conductivity function (HCF), for which several mathematical models exist. 

The Mualem (1978) model is used throughout this thesis, and has the form 

 k(hm) = ksSe
l 1 − [1 − Se

1
m]m 2

          (2.4) 

where l is a pore connectivity parameter, typically assumed to be 0.5 (Mualem, 1976), m 

is the same fitting parameter used in the van Genuchten SWRC, and Se, called the 

effective saturation, is defined as 

Se = θ − θr
θs − θr

         (2.5) 

Figure 2.2 shows conceptual HCF curves for representative sand, silt, and clay soils 

generated using the Mualem model; generally, coarser grained soils have hydraulic 

conductivities that are higher at saturation. 
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Figure 2.2 Conceptual HCF curves for three representative soil types. 

2.3 Unified Effective Stress Theory and the Soil Suction Characteristic Curve 

In classical soil mechanics, Terzaghi’s effective stress theory governs all 

mechanical behavior and is defined as 

σ' = σ −  uw              (2.6) 

where σ’ is the effective stress, σ is the total (external) stress, and uw is the pore water 

pressure (Terzaghi, 1943). However, Terzaghi’s theory can only be applied to 

completely dry or completely saturated soils. Under partially saturated conditions, 

negative pore pressure (or matric suction) cannot directly contribute to effective stress 

without modification because it is a stress-state variable, not a stress variable (Lu, 

2008). 
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Lu and Likos (2004) and Lu et al. (2010) proposed a modification of Terzaghi’s 

effective stress formulation by introducing the stress variable of suction stress, σs, which 

leads to the modified effective stress formulation 

σ' = σ −  ua −  σs       (2.7) 

Suction stress can be defined in terms of matric suction and effective saturation (Lu et 

al., 2010) as 

 σs = -Se(ua  − uw)      (2.8) 

or, through combination with the van Genuchten SWRC and Mualem HCF equations, in 

closed form as a function of effective saturation: 

 σs = - Se
a

(Se
1

1 − n  −  1)1
n
     (2.9) 

The unified effective stress theory is physically sound, fully defined in terms 

consistent with widely accepted models of the SWRC and HCF, and allows a single set 

of shear strength criteria to be used for soils in any state of saturation. More complete 

discussion of this theory can be found in Lu and Likos (2004) and Lu et al. (2010). The 

suction stress characteristic curve (SSCC) plots the relationship between suction stress 

and either matric suction or water content (Lu and Likos, 2006). Figure 2.3 below shows 

conceptual SSCCs for sand, silt, and clay soils; note that the SSCC for the sand returns 

to zero at residual water contents, whereas the SSCC for silt and clay increases 

monotonically with decreasing water content. Some silts have non-monotonic SSCCs 

more similar to sands, which return to zero at low water contents. 
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Figure 2.3 Conceptual SSCCs for three representative soil types. 

2.4 Local Factor of Safety Method 

Traditional slope stability analysis methods, such as the infinite slope method, 

Culmann’s wedge method (Culmann, 1866), and the various methods of slices 

(Fellenius, 1927; Bishop, 1955; Morgenstern and Price, 1965; Janbu, 1954; Spencer, 

1967, etc), produce a single stability indicator for a predefined failure surface of 

simplistic geometry. When all calculations were performed by hand, these methods 

were the best option available. The power of modern computing has been used to 

increase the ability to search for failure surfaces with minimal factor of safety, but the 

limitations of these methods remain. Lu et al. (2012) introduced a stress-field based 

method called the local factor of safety (LFS) to more fully utilize modern computational 

power. 

The LFS is conceptually similar to the traditional, global factor of safety in that it 

is a ratio of forces resisting failure to forces driving failure. Traditional methods integrate 
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both types of forces over the entire failure surface, and only consider a shearing failure 

mode. The LFS method calculates a ratio of activated strength to available strength at 

each point, and can be clearly illustrated using the Mohr circle concept. 

The activated strength can be quantified as the current Coulomb stress, τ, which 

is defined as the shear stress point on a Mohr circle, representing the current state of 

stress, along the line passing through the Mohr circle’s center and perpendicular to the 

Mohr-Coulomb failure envelope. The available strength can be quantified as the shear 

stress at the intercept of this line with the failure envelope, τ*. Both points are shown 

below in Figure 2.4. 

 
Figure 2.4 Conceptual illustration of the local factor of safety in Mohr-Coulomb space 

(based on Lu et al., 2016). 

The LFS can then be defined as the ratio of these two shear stresses (Lu et al., 

2012): 
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LFS = τ*
τ
      (2.10) 

or, using Mohr-Coulomb failure criteria, as 

 LFS = f x, z, t  = cosφ'
σ1

'  − σ3
' (2c' + [σ1

'  + σ3 
' + 2σs]tanφ')          (2.11) 

where x and z are Cartesian coordinates in a vertical plane, t is time, σ1’ and σ3’ are the 

major and minor principal effective stresses (respectively), c’ is the effective cohesion, 

and φ’ is the effective friction angle. 

The Coulomb stress was chosen because the leftward shift shown Figure 2.4, 

which causes the Mohr circle to intersect the Mohr-Coulomb failure envelope at a shear 

stress equal to the Coulomb stress, represents the most common infiltration-related 

failure condition in hillslopes (Lu et al., 2012). As water content increases during 

infiltration, suction stress is reduced in unsaturated zones and pore pressures increase 

in saturated zones; this lowers major and minor principal effective stresses equally, 

resulting in a leftward shift which brings the potential Coulomb stress (τ*) closer to the 

current Coulomb stress (τ). The diameter of the Mohr circle is only dependent on the 

major and minor principal total stresses, which are determined by hillslope geometry 

and material self-weight and elastic properties. Hillslope geometry and material elastic 

properties rarely change substantially over the time scale relevant to infiltration without 

the occurrence of slope failure; while self-weight of the slope materials does change 

with water content, this change is slower and smaller than the contemporaneous 

change in suction stress or pore pressure. Over the short time steps used in numerical 

modeling, any change in Mohr circle diameter is therefore likely to be unimportant in 

comparison to leftward shifts. 
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As with traditional factor of safety methods, LFS ≤ 1 indicates failure. Mapping 

LFS contours therefore allows failed zones to be identified. This allows the initiation and 

progression of failure to be studied, and enables the identification of complex failure 

surfaces not predictable through traditional methods. Lu et al. (2012) and Lu and Godt 

(2013) provide more thorough explanations of the theory, application, and advantages 

of the LFS method. 
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CHAPTER 3  

SLIDE CHARACTERIZATION 

AND DATA SOURCES 

This chapter provides descriptions of the site, its subsurface materials and their 

distribution. It also presents the conceptual model of seasonal hydrology, and describes 

all data sources used for this investigation. 

3.1 Slide Site Setting 

The Straight Creek slide is located in Summit County, Colorado, approximately 

80 km (50 mi.) west of Denver. The affected stretch of I-70 is at an elevation of 

approximately 3,252 m (10,670 ft) above sea level, and is situated on a south-facing 

slope with a roughly 30o inclination. The slide mass is approximately 175 m wide and 

123 m long (Lu and Wayllace, 2011). Figure 3.1 shows site location, slide extents, and 

the approximate watershed area.  

The site is within the Williams Fork Mountains, which are primarily composed of 

metasedimentary gneiss, schist, and pegmatite bedrocks. Exposure to atmospheric 

conditions, including infiltration and freeze-thaw cycles, has resulted in a thick layer of 

weathered bedrock, overlain by thin colluvial deposits (Lovering, 1935). Mountain 

conifers and aspens cover most of the area below 3597 m, although there are some 

natural rock outcroppings and bare faces created by cutting. For a more detailed 

description of site geology, see Lovering (1935). 
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Figure 3.1 Straight Creek slide location and extents; approximate slide area is shaded 
red, and approximate watershed area is outlined in blue (adapted from Google Earth, 

2018). 

3.2 Subsurface Materials and Their Distribution 

The two-dimensional distribution of materials along a centerline transect through 

the slide is shown in Figure 3.2; the following sections will offer more detail on each 

material group. This information was derived from borehole logs from past 

investigations (Lovering, 1935; Robinson & Associates, 1971; Kumar & Associates, 

1997; Thunder, 2016), core sample testing (Thunder, 2016), and drilling conducted 

during the current study. Refer to Chapter 4 for hydro-mechanical properties (Table 4.2 

and Table 4.3) of these materials and to Appendix A for logs from all boreholes 

conducted since 2010 as part of this investigation. 
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Figure 3.2 Transect showing subsurface material distribution along the slide centerline. 

3.2.1 Bedrock 

The bedrock in the slide area is primarily massive, dark gneiss with occasional 

pegmatite and mica intrusions. While it is generally competent, zones of concentrated 

fracturing and weathering are sometimes found at depth, and Kumar & Associates 

found evidence of fossil or relict slides nearby suggesting a high historical occurrence of 

landslides. The bedrock is relatively impermeable compared to the overlying materials, 

and fractures within it are widely spaced and do not show evidence of shearing. Its 

surface is generally parallel to the ground surface, although it is more steeply inclined 

towards the west in the western half of the slide (based on Phase III borings). 

3.2.2 Fractured and Weathered Gneiss 

Overlying the competent bedrock is a layer of fractured and weathered material 

derived from the same dark gneiss. This layer varies in thickness from 1 m to close to 

30 m. The degree of weathering increases further down the slope; this has a profound 
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effect on the hydro-mechanical properties, such that this layer was divided into two 

groups for the conceptual and numerical models. The first group, called fractured 

gneiss, is found on the slope above the embankment; it presents clean fracture surfaces 

with little weathering or infill, and has high frictional strength and hydraulic conductivity. 

The second group, called decomposed gneiss, is found underneath the embankment 

and to the south of it. This material displays a higher degree of weathering, including 

manually friable zones; fractures are typically completely filled with decomposed 

material. It has lower strength and hydraulic conductivity than the fractured gneiss 

material. The decomposed gneiss material increases in thickness in the western half of 

the slide area, over the increasingly deep bedrock surface. 

3.2.3 Colluvial and Alluvial Deposits 

Natural surficial materials consist of thin colluvial deposits on the upper slopes 

and alluvial deposits in the area of Straight Creek. These are both derived from nearby 

parent rock materials. The colluvial soil is poorly sorted, with angular, coarse sand to 

cobble-sized grains, deposited by gravity-driven movement of materials over the slope 

surface. The alluvial soil is more uniform, consisting of rounded, sand-sized grains, and 

was deposited by Straight Creek. Mechanical properties for the two materials are 

similar, but the hydraulic conductivity of the colluvium is higher due to a lower in situ 

density caused by depositional processes. 

3.2.4 Embankment Fill 

The tunnel cuttings material used for embankment fill is extremely 

heterogeneous, including large rock fragments and boulders, construction rubble (such 

as decomposing timbers from shoring), and more fine-grained material than the 
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surrounding native soils (Robinson, 1971). This heterogeneity makes the embankment 

fill difficult to characterize, but its strength characteristics and hydraulic conductivity are 

both known to be lower than the native soils’. The embankment fill is approximately 14 

m thick under the westbound shoulder of I-70, approximately 29 m thick under the 

eastbound shoulder, and extends approximately 61 m downslope. 

3.3 Conceptual Model 

Phase I of CSM’s investigation included the development of a conceptual model 

of the seasonal hydrology driving the episodic activation of the landslide (Lu et al., 

2013). This model consists of four seasonal stages (Figure 3.3). 

The winter stage is a steady state condition with the groundwater table at its 

lowest level, resting along the surface of the competent bedrock. During this period, 

snowpack accumulates with essentially no melting or other infiltration occurring.  

The spring stage brings warmer temperatures, resulting in melting of the 

snowpack; this meltwater begins infiltrating into the upper layers of soil. Due to the lack 

of infiltration over the winter period, these upper layers are very dry; this produces high 

matric suction and pore water potential gradients, but low unsaturated hydraulic 

conductivity. Subsurface flow is initially perpendicular to the slope during this period, as 

moisture gradients control flow direction more than gravity; as the slope becomes 

wetter, vertical flow predominates (Lu et al., 2011).  

The summer stage is characterized by a higher saturation within the hillslope and 

a slower surface infiltration rate, driven by precipitation instead of snowmelt. However,  
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Figure 3.3 Conceptual model of seasonal hydrology. 
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the sharp hydraulic conductivity contrast between the fractured gneiss and competent 

bedrock layers promote saturated conditions and increased lateral downslope flow 

along the bedrock interface. This increased lateral flow then encounters the sharp 

contrast in hydraulic conductivity between the fractured gneiss and the embankment 

material and decomposed gneiss found lower on the slope. This causes a rapid and 

pronounced elevation in groundwater levels underneath the westbound lanes of the 

highway; this spike is both delayed and reduced in scale underneath the eastbound 

lanes, due to the attenuating effect of the low hydraulic conductivity materials. This 

groundwater rise increases positive pore pressures along the failure surface throughout 

the summer season, reducing effective stress and frictional resistance and causing slide 

activation.  

The fall stage is characterized by minimal infiltration from reduced precipitation, 

and slowly falling groundwater levels as the hillslope drains out and approaches the 

winter stage steady state. 

3.4 Data Sources 

Due to the complexity of this investigation, multiple data sources are combined and 

analyzed together to address some of the most pressing questions. These sources are 

introduced in this section, and analyzed and discussed as needed in Chapter 5; they 

consist of: 

 CDOT records and employee interviews: slide history, previous investigations, 

past remediation project designs 

 SNOTEL station 505 at Grizzly Peak: atmospheric data 
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 Google Earth: aerial photos, topographic data 

 USGS streamgage 09051050: Straight Creek discharge data 

 Phases I and II of the CSM investigation: site mapping, subsurface profiles, 

material parameter testing, piezometer data, photographs 

 Phase III (current) of the CSM investigation: additional subsurface profile 

information, additional piezometer data, photographs 

3.4.1 Slide Surface Geometry 

Multiple data sources are used to analyze the slide surface geometry, including 

inclinometers, a contour map of pavement depth, and photographs. 

Following the installation of lightweight caissons beneath the westbound lanes in 

2010, logs recorded during drilling were used to produce a contour map of pavement 

depth (Figure 3.4). Regrettably, detailed records were not kept during the installation of 

caissons beneath the eastbound lanes in 2012. Interviews with engineers at Shannon & 

Wilson who were involved in that work, and with CDOT drillers familiar with the Straight 

Creek slide, indicate that pavement depth in the eastbound lanes in the slide area has a 

maximum depth of around 2 m. 

 
Figure 3.4 Pavement depth contour map of westbound lanes (Shannon & Wilson, 

2012). 
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Photographs of crack patterns in the highway surface taken during Phase II or 

obtained from Google Earth are also analyzed (Figure 3.5). 

 
Figure 3.5 Photograph of head scarp crack patterns (outlined in black) in the westbound 

lanes, taken from the north slope, looking south (Thunder, 2016). 

3.4.2 Slide Movement Data 

Data sources used to analyze slide movement rate include inclinometers and 

interviews with CDOT employees and contractors. Informal interviews with CDOT 

employees indicate periods of increased movement in 1986 and 1996 through 1997, as  

Inclinometers have been deployed on this slide at several points within the last 

three decades. Following Kumar & Associates’ report in 1996, CDOT installed three 

inclinometers; they were out-ranged within three years. Kumar & Associates also 

installed survey monuments in the highway shoulders, but these were paved over 

before they could yield substantial data. CDOT installed another inclinometer (INC1) 

along the WB shoulder in 2007, which was also paved over in 2012. CDOT installed two 

more inclinometers, INC2 along the eastbound shoulder and INC3 along the westbound 

shoulder, in 2008; these both measured approximately 5 cm of movement perpendicular 

to the highway within two years. INC3 appears to indicate upslope movement, which 
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has in the past been attributed to a rotational movement of the slide but is more likely 

the result of either horizontal spreading or axis misalignment (inclinometer casings 

frequently twist during installation). In Phase I of the CSM and USGS-LHP investigation, 

two more inclinometers were installed alongside piezometers: INC4 under the 

westbound shoulder, and INC5 under the eastbound shoulder. Both of these 

inclinometers are still functional. Inclinometers are not  continually monitored; static 

readings are taken at the discretion of CDOT employees. 

 Inclinometer data (and some survey monument measurements) indicate more 

than 5 cm of lateral movement in both 1996 through 1997 and 2008 through 2009. Time 

series of inclinometer measurements from 2007 onward are presented below in Figure 

3.6, with the total annual infiltration also shown for comparison. 

 
Figure 3.6 Inclinometer time series (data INC3 is nearly identical to data from INC2, and 

they are in similar locations; data from INC3 is not shown here). 
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3.4.3 Atmospheric Conditions 

The Natural Resource Conservation Service (NRCS) of the US Department of 

Agriculture (USDA) maintains a SNOTEL data gathering station at Grizzly Peak (NRCS, 

2018), approximately 14 km to the southeast of the slide site, which has provided 

invaluable atmospheric data. The data series gathered are daily maximum air 

temperature, annual cumulative precipitation, and snow-water equivalent (SWE). SWE 

is a measurement of the weight of water contained within a snowpack, expressed as an 

equivalent height of liquid water; it is therefore more useful for infiltration calculations 

than snow depth. For the calculation of infiltration amounts in this investigation, any 

negative change in SWE is interpreted as snowpack melting and assumed to directly 

infiltrate (defined as snowmelt infiltration). Any increase in cumulative precipitation 

occurring when SWE is zero (i.e. no snowpack existed) and temperatures are above 

freezing is assumed to also directly infiltrate (defined as rainfall infiltration), whereas 

precipitation occurring on a day with a non-zero SWE is assumed to either add to the 

snowpack or dissipate as runoff. 

SNOTEL data for all complete years on record (1984 through 2017) is collected 

and used to develop numerical model atmospheric inputs, to characterize the infiltration 

seasons, and to correlate with observed hydrologic response and slide activation 

(Figure 3.7). It can be seen that infiltration cycles with an approximately 10-year period, 

but also that isolated years of elevated infiltration can occur (2003, 2011). It can also be 

seen that snowmelt infiltration exhibits greater magnitude and variation than 

precipitation infiltration; this leads to the hypothesis that it is more important in causing 

slide activation. 
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Figure 3.7 Infiltration totals calculated from SNOTEL data, 1984 through 2017. 

There are limitations to the direct applicability of data collected at Grizzly Peak to 

the slide site; in addition to the distance between them, the two locations differ in some 

important ways. The Grizzly Peak site is topographically flatter, more heavily vegetated, 

and more removed from roadways than the Straight Creek slide area; it also does not 

face as directly south. Generally, this has been found to result in a later onset of 

snowmelt at Grizzly Peak than at the Straight Creek slide. Thunder (2016) found that 

shifting the infiltration data two weeks earlier provided a modeled hydrologic response 

that better matched the observed response; overall, however, the Grizzly Peak data is 

thought to provide a reasonably accurate measurement of atmospheric conditions at the 

Straight Creek slide site. Correlations of the SNOTEL data to data from a USGS stream 

gage on Straight Creek downstream from the slide site also indicate that the 

atmospheric conditions at Grizzly Peak are comparable to those at the Straight Creek 
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slide, despite the fact that the Grizzly Peak site is outside of the stream gage 

watershed; these are presented in Chapter 5.  

3.4.4 Groundwater Data 

Due to the immense significance of groundwater behavior to the stability of the 

Straight Creek slide, groundwater monitoring through piezometers is considered to be 

the highest priority type of instrumentation. Data prior to Phase I consists mainly of 

single, static measurements taken when exploratory boreholes were completed. Phase I 

included the installation of three piezometers; preliminary analysis suggested the need 

to better characterize hydrologic behavior on the slope north of I-70, so a fourth 

piezometer was installed during Phase II. Four more piezometers were installed over 

the summer of 2017; these were distributed laterally over the north slope. Table 3.1 

below tabulates all present piezometers, and Figure 3.8 shows their locations. 

Table 3.1. List of Piezometers 

Number Name 
Date 

Installed 
Depth 

[m] 

P1 WB 10/24/2011 17.4 

P2 Toe 10/14/2011 9.0 

P3 EB 8/9/2012 33.5 

P4 North 4/7/2016 15.2 

P5 WB-East 8/4/2017 34.0 

P6 WB-West 8/4/2017 36.1 

P7 North-West 8/4/2017 18.5 

P8 North-East 8/16/2017 17.1 

 

All piezometer data is collected and stored in two dataloggers on site, and 

collected several times a year. Interruptions are unfortunately common over the winter 

season, as snow and deadfall often disrupts the cabled connections.  For technical 

information about the piezometer and datalogger setup, see Appendix B. 
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Figure 3.8 Piezometer locations, with approximate slide extents shown in black 

(adapted from Google Earth, 2016). 

Due to the limited temporal range of piezometer data, other measurements of 

groundwater behavior are needed. The USGS maintained a streamgage on Straight 

Creek downstream from the slide site from 1987 through 2015, providing good overlap 

with both SNOTEL data and data from CSM piezometers (USGS, 2018). The gage, 

USGS 09051050, was located approximately 7.8 km west-southwest from the slide site, 

downstream along Straight Creek (Figure 3.9). Downstream from the gage, Straight 
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Creek passes through a series of culverts and joins the Blue River, which then empties 

into the nearby Dillon Reservoir. 

The distance of USGS 09051050 from the slide site and the extreme disparity in 

drained areas (USGS 09051050 drains 47.7 km2, the entire slide site drains less than 

0.3 km2) present limitations on the applicability to the site of any data or insights drawn 

from the gage.  However, as this gage is the only source of data on Straight Creek’s 

flow rate, it may still provide valuable insights not otherwise available. Of particular 

interest is the base flow, which is generated by and therefore a useful proxy for 

groundwater levels.  

 
Figure 3.9 Location of USGS 09051050 (image modified from USGS Streamstats 

server; USGS StreamStats, 2018). Yellow shaded area is the drainage basin for this 
stream gage, and the area outlined in black is the slide area and its watershed. 

There are several methods available for calculating base flow from a stream 

hydrograph; manual separation based on subjectively identified local minima was 

standard practice for decades, but digital filter methods for signal processing were 

adapted in the 1970s to automate separation. The method used for this analysis is a 

single-parameter digital filter based on the work of Lyne and Hollick (1979), Nathan and 
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McMahon (1990), Arnold and Allen (1999), and Arnold et al. (2000), as incorporated into 

the Web-based Hydrograph Analysis Tool (WHAT) created by Purdue University’s 

College of Engineering (Lim et al., 2005). The principle of this method is that high 

frequency waves in stream flow data can be assumed to correspond with direct runoff 

and low frequency waves with base flow fluctuations. The filter has the following form: 

 qt = αqt − 1 + 1 + α
2

Qt −  Qt −1                                      (3.1) 

where qt is the filtered direct runoff (i.e. the portion of stream flow that is not base flow) 

at time t, Q is the total stream flow, and α is the filter parameter, for which a value of 

0.925 was used based on the findings and recommendations of Nathan and McMahon 

(1990). This filter method is sometimes referred to as the BFLOW filter, due to its use in 

the popular BFLOW software produced by the USDA Agricultural Research Service. 

Raw stream flow data and the filtered base flow for 2010 through 2015 are shown in 

Figure 3.10.  

It can be seen that the annual peak base flow levels fluctuate similarly to the 

annual cumulative snowmelt infiltration amounts (Figure 3.7), and to peak pressure 

heads recorded at the CSM piezometers. The annual peak values for total (unfiltered) 

flow clearly do not, as peak levels for 2010 are equal to peak levels for 2011 despite the 

fact that the cumulative snowmelt infiltration in 2011 is twice as high as in 2010. This 

suggests that the filtering method is achieving its purpose of extracting groundwater-

derived flow from the discharge data, and that the calculated base flow is in fact a useful 

and valid proxy for groundwater levels. 
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Figure 3.10 Total flow and filtered base flow at USGS 09051050, 2010 through 2015. 
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CHAPTER 4  

NUMERICAL MODEL SETUP 

All modeling efforts within this project phase are conducted using HYDRUS 2D 

(Šimůnek et al., 2012), a finite element software package capable of modeling 

groundwater hydrology by solving Richards’ equation (Richards, 1931), an adaptation of 

Darcy’s Law to transient flow in variably saturated soils. The van Genuchten SWCC 

model and Mualem HCF model are used to parameterize soil hydrologic properties. The 

Slope Cube module of HYDRUS 2D (Lu et al., 2016) is used for all stability analyses; 

Slope Cube incorporates Lu et al.’s (2010) unified effective stress theory for variably 

saturated soils, which allows standard Mohr-Coulomb failure criterion and strength 

parameters to be used. 

4.1 Phase I and II Models 

Phases I and II incorporated several forms of numerical models, including 

hydrologic modeling and stability modeling uncoupled to but informed by that hydrologic 

modeling. The most relevant of those models are discussed here. 

4.1.1 Hydrologic Modeling 

 During Phase II, an initial model was created in HYDRUS 2D to confirm the 

conceptual model of the site’s seasonal hydrology; this model will be referred to as the 

Phase II model. The model bisects the slide facing east (Figure 4.1). The surface profile 

was created from data from USGS topographic maps and survey data collected by CSM 

researchers, and subsurface material distribution was interpreted from borehole logs. 
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Hydrological parameters for the colluvium layer were established through laboratory 

testing using the transient release and imbibition method (TRIM; Wayllace and Lu, 

2012), approximate strength parameters for all materials were provided by CDOT, and 

all other parameters were estimated within probable ranges defined by literature and 

past laboratory testing programs. For all parameters used in Phase II models, see Table 

4.1. Note the large extent of the northern slope (Figure 4.1); including this area is 

necessary to replicate the generation of the high volumes of subsurface flow that result 

from infiltration over the slope.  

 
Figure 4.1  Phase II model with material distribution, boundary conditions, and inset of 

embankment. 

The bottom boundary, upslope vertical boundary, and highway surface were 

assigned as no-flow boundaries, the downslope vertical boundary as a constant head 

boundary with values linearly distributed to simulate hydrostatic conditions established 

by the presence of Straight Creek, and all surface boundaries other than the highway 

surface as atmospheric boundaries. Atmospheric boundaries receive time-variable 
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applied flux rates, which were derived from SNOTEL data as outlined in section 3.4.3 

(the HYDRUS model did not distinguish between the two types of infiltration), and allow 

runoff when the soil surface reaches saturation. A minimum rate of 0.001 m/day was 

applied during any period where SNOTEL data indicated a lower (or zero) rate. 

Observation nodes were placed at piezometer locations to facilitate comparison 

to measured piezometer data. Bedrock surface topography and soil hydrologic 

parameters were adjusted to calibrate pressure heads at the observation points to 

piezometer data. The model was able to replicate the seasonal variation in groundwater 

levels and reasonably match the available piezometer data from 2012 through 2015 

using SNOTEL data from the same years as infiltration inputs. Some discrepancies 

between model results and piezometer data were believed to be caused by different 

infiltration behavior between the Straight Creek slide site and the Grizzly Peak SNOTEL 

station, as outlined in section 3.4.3. 

4.1.2 Slope Stability Modeling 

Phases I and II predate the development of Slope Cube; instead, typical 

groundwater table position for each season was derived from the HYDRUS 2D results 

and used to locate the phreatic surface in static stability analyses using Bishop’s 

modified method (Bishop, 1955) within RocScience SLIDE 6.0. The model geometry is 

shown in Figure 4.2, and strength parameters are given in Table 4.1. These analyses 

were able to recreate a seasonal loss of stability, with the global FS varying from 1.05 in 

the winter to 0.95 in the summer. However, due to the static nature of the SLIDE 

models, the global FS analysis, and the use of classical soil mechanics that ignore 

suction stress in unsaturated soils, it was not possible to examine the evolution of 
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instability or the effect of suction stress. These are likely to be of high importance to 

marginally stable slides such as the Straight Creek slide because small and rapid 

changes in hydrology can trigger instability. 

Table 4.1 Hydro-mechanical Parameters Used in Phase II Stability Modeling 

Material θr  

[-] 
θs [-

] 
α  

[m-1] 

n 
[-] 

ks 
[m/day] 

γ  
[kN/m3] 

c  
[kPa] 

φ’ 
[°] 

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 

Fractured Gneiss 0.06 0.34 1.374 1.72 40 22 1 35 

Colluvium 0.08 0.33 2.35 2.12 6 20 0 34 

Embankment Fill 0.08 0.33 2.35 2.12 0.5 21 0 30 

 

 
Figure 4.2 Phase II stability model in SLIDE 6.0 corresponding to fall season of 

conceptual model (Thunder, 2016). 

4.2 Phase III Models 

The main change between the Phase II and Phase III HYDRUS models is the 

incorporation of directly coupled hydro-mechanical stability modeling using the Slope 

Cube module. These stability calculations necessitate changes in geometry and 

definition of mechanical boundary conditions and material parameters, but enable the 

inclusion of suction stress in stability calculations, the tracking of stability in finer 
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temporal resolution, and the use of the LFS method for more nuanced assessments of 

stability. 

4.2.1 Changes to Model Geometry  

Because the Phase II HYDRUS model was only used for hydrologic modeling, 

the downslope vertical boundary was placed fairly close to the slide area. The use of 

Slope Cube raises concerns about avoiding boundary effects in stress calculations; this 

downslope vertical boundary is therefore moved 100 m farther to the south (Figure 4.3). 

All material boundaries are extended horizontally, as no information regarding their true 

distribution is available; the materials within the extended section are defined separately 

from the corresponding hillslope materials, so that their hydrologic parameters can be 

varied independently. Straight Creek runs approximately down the midpoint of this 

extended section. Boundary conditions are identical to the Phase II model, except that 

the downslope vertical boundary south of the extended section is assigned lower 

constant head values. The material distribution is adjusted, mainly in the area 

underneath the embankment, as a result of recalibration of the Phase III model using 

the four new borehole logs and two additional years of piezometer data. 

The Phase II model had several errors in the location of the observation nodes 

representing piezometers. These were mainly minor discrepancies in the depth of the 

nodes, but the node representing the North piezometer was approximately 100 m too 

far to the north and 5 m too far below the ground surface. Because of this, results for 

this node from the Phase II model are considered invalid. All node coordinates are 

corrected to match actual piezometer locations and depths in the Phase III model. 
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Figure 4.3 Material distribution for base Phase III model. 

4.2.2 New Method for Setting Initial Conditions 

For the Phase II model, initial conditions were set by assigning all nodes a 

pressure head of -1 m and applying a constant infiltration of 0.001 m/day until a steady 

state was reached with pressure head values at the observation nodes similar to those 

recorded at the piezometers during the winter months. The actual model runs also 

included a 1000-day spin-up period with this same constant infiltration rate applied. 

While this process of setting initial conditions does result in a steady state, the 

pressure head initial condition is perturbed by the annual fluctuations in infiltration 

caused by the spring snowmelt and summer rain seasons. The pressure head initial 

conditions of the Phase II model are shown in Figure 4.4; the pressure head distribution 

after all four years of infiltration data and an additional two-year spin-down period 

(during which the same constant infiltration rate was applied) is shown in Figure 4.5. 

During this spin-down, the phreatic surface (represented by the boundary between 

positive and negative pore pressures) rises rapidly. If the initial conditions represented a  
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Figure 4.4 Initial pressure head conditions for Phase II model. 

 
Figure 4.5 Pressure head distribution after four years of infiltration data and two years of 

spin-down. 
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true steady state and an accurate minimal winter season condition, the pressure head 

distribution would be expected to approach the initial conditions during the winter 

seasons and certainly after the spin-down period; instead, pressure head distribution 

diverges dramatically from the initial conditions. 

The inadequacy of the Phase II method of setting initial conditions is also 

illustrated in Figure 4.6, which shows the pressure head simulated at the observation 

node representing the WB piezometer. This model run uses the initial conditions and 

spin-up period of the Phase II model, then applies 10 generalized years of minimum 

infiltration (the minimum observed amount of both snowmelt and rainfall infiltration, 

distributed over typical seasons of 50 and 125 days, respectively). The same 

minimum infiltration rate of 0.001 m/day is applied outside of the rainfall and 

snowmelt seasons.  

 
Figure 4.6 Pressure heads at WB piezometer node resulting from 10 identical years of 

minimal infiltration (spin-up period not shown).  
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Applying successive identical years of the same, minimal infiltration should result 

in decreasing peak pressure heads, which presumably would eventually stabilize; 

instead, the peak pressure heads actually increase each year. These rising peak 

pressures are even more dramatic when applying constant years of average infiltration. 

This demonstrates that the Phase II initial conditions are not suitable for any hypothesis 

testing, as the groundwater levels they represent are far too low. 

To set more reasonable initial conditions, a new approach is used: instead of 

applying a single constant infiltration rate, an average year of infiltration data is created 

by distributing the average accumulated infiltration for both spring snowmelt and 

summer rainfall seasons over the average duration of these seasons. This gives rates 

of 0.0116 m/day during the snowmelt season, which runs from April 1 to May 21, and 

0.00152 m/day during the rainfall season, which runs from May 22 to September 22. No 

infiltration is applied during all other periods of the average year, which is also more 

realistic than the minimum rate applied outside of snowmelt and rainfall seasons in 

Phase II. This infiltration cycle is then applied for 60 years, which is found to be 

sufficient for a “steady cyclical state” to be reached; this steady cyclical state was 

defined as one in which, under steady annually cyclical infiltration, peak and minimum 

pressure heads at the observation nodes do not change between years. The resulting 

initial pressure head condition, corresponding to January 1 in the infiltration cycle, is 

shown in Figure 4.7. All model runs using these initial conditions begin on January 1. 

Viewed in sequence, Figure 4.5 appears to be an intermediate step between 

Figure 4.4 (Phase II model initial conditions) and Figure 4.7 (Phase III model initial 

conditions). This is reinforced considering the trend evident in the two-year spin-down 
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period preceding Figure 4.5, which is of a steadily rising phreatic surface that 

approaches the top of the bedrock material. It is therefore concluded that the new initial 

conditions help recreate more realistic behavior, that of a steady cycle, and are a more 

accurate basis for investigative modeling. 

 
Figure 4.7 Initial pressure head condition on January 1 for Phase III model. 

4.2.3 Hydrologic Calibration 

The aforementioned updates to create the Phase III model necessitate a 

recalibration of the model’s hydrologic behavior. The extended right boundary strongly 

affects the drainage behavior of the slope, and the corrections to observation node 

locations and initial conditions also make recalibration necessary by changing the model 

behavior. Additionally, the Phase II model’s imposition of a minimum non-zero infiltration 

rate is considered unnecessary and was abandoned for the Phase III model; no 

infiltration other than that calculated from SNOTEL data is applied. 

Soil hydrologic properties and spatial distribution are therefore calibrated, within 

ranges constrained by literature, previous laboratory testing programs, and 
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interpretation of borehole logs, to match observed piezometer data as closely as 

possible. Material hydrologic properties are given in Table 4.2. The boundary condition 

at the downslope vertical boundary, at the model’s southern edge, is also adjusted; the 

Phase II model had a constant head boundary condition, linearly distributed with 

elevation from 42 m at the bottom corner to -8 m at the top corner. The Phase III model 

is assigned the same type of boundary condition, but linearly distributed with elevation 

from 32 m to -18 m; these reduced constant head values allow the necessary amount of 

drainage through the extended area.  

During Phase III calibration, the position of the top of bedrock relative to the 

observation nodes is found to be the main determinant of the minimal pressure head 

values observed during the winter season. Bedrock surface slope, soil hydrologic 

properties, and the thickness of the decomposed gneiss layer affect the rate and peak 

value of pressure head buildup in complex, overlapping ways. Hydrographs for the 

Phase III model observation nodes alongside results from the Phase II model and 

piezometer data are presented in Figure 4.8. 

The incorrect node locations in the Phase II model call into question the validity 

(and therefore comparability) of those results, especially in the North and WB nodes. 

There is also the question of how applicable and relevant the infiltration input calculated 

from SNOTEL data is to this site; the discrepancies in 2015 in particular seem to 

indicate a difference in applied infiltration more than a difference in hydrologic behavior. 

Note also that the piezometers record more variability in winter pressure heads 

than could be achieved in the model; as mentioned previously, bedrock surface depth 

relative to node depth is the only model element found to have any substantial effect on  
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Figure 4.8 Comparison of piezometric data with simulated pressure heads at 
corresponding observation nodes for Phase II and Phase III model 
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these baseline values, and clearly this depth will not fluctuate annually. In 2012 and 

2013, the WB piezometer levels drop precipitously and hover around 0 m, suggesting 

that this dip could be due to desaturation of the piezometer tip or other instrument error 

and not to actual hydrologic behavior. 

Table 4.2 Hydrologic Parameters for Phase III Models 

Material 
θr 
[-] 

θs  
[-] 

α  

[m-1] 

n  
[-] 

ks 
[m/day] 

l  
[-] 

Drain 0.07 0.5 0.5 1.65 1000 0.5 

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 0.5 

Colluvium 0.08 0.33 2.35 2.12 6 0.5 

Alluvium 0.07 0.33 2.35 2.12 3 0.5 

Fractured Gneiss 0.06 0.34 1.374 1.72 40 0.5 

Embankment Fill 0.08 0.33 1.374 2.12 0.5 0.5 

Alluvium, extended area 0.05 0.33 1.5 2.12 20 0.5 

Decomposed Gneiss, extended area 0.04 0.41 1.5 1.89 1.4 0.5 

Bedrock, extended area 0.04 0.34 1 1.72 0.003 0.5 

 

4.2.4 Stability Calibration 

Years of known increased slide movement are used for strength parameter 

calibration; these include 1986, 1996, and 2008. SNOTEL infiltration data for these 

years is used for input, and the strength parameters adjusted until total failure along the 

observed slide surface is achieved. Strength parameters are listed in Table 4.3. 

Total failure is defined as a continuous band of LFS < 1, representing a 

completely unstable slide surface. One of the advantages of using LFS instead of a 

global FS is the ability to study and predict progressive failures; as this may be a 

common failure mode for the Straight Creek slide, the average year used for setting 

initial conditions is used to establish a threshold for progressive failure. The length along 

the estimated slide surface with LFS < 1, which will be referred to as the activated 
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length, is calculated for this average year; the activated length was approximately 80% 

of the full estimated slide surface. A threshold of 80% activated length is therefore set 

as the minimum necessary for progressive failure. A total failure condition is shown in 

Figure 4.9, with a continuous band of LFS < 1, and a progressive failure condition is 

shown in Figure 4.10, with an activated length of over 80%; the activated length concept 

is also illustrated in this figure. For comparison, the LFS distribution during the winter 

season, when the slide is known to be stable, is presented in Figure 4.11. 

Table 4.3 Mechanical Parameters for Phase III Models 

Material 
γ 

[kN/m3] 
c 

[kPa] 
φ’ 
[°] 

E 

[kPa] 
v 

[-] 

Bedrock 23.0 5638 56.5 5.3 x 107 0.3 

Decomposed Gneiss 22.0 0 40 50,000 0.25 

Colluvium 20.0 0 30 50,000 0.25 

Alluvium 20.0 0 25 50,000 0.25 

Fractured Gneiss 22.0 1590 52.4 1.0 x 107 0.3 

Embankment Fill 21.0 25 30 30,000 0.25 

 

 
Figure 4.9 Total failure, showing continuous band of LFS < 1 (black). 



47 

 

 
 
 
 

 
Figure 4.10 Progressive failure, showing activated length of over 80%. 

 

 
Figure 4.11 LFS distribution with activated length around 50%, indicating stability. 
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CHAPTER 5  

HYDRO-MECHANICAL ANALYSIS 

Each section of this chapter addresses a separate question using multiple 

approaches. The first section reconsiders the shape of the failure surface assumed in 

Phases I and II of the CSM investigation. The second and third sections assess the 

effects of annual variability and multi-year patterns in infiltration characteristics on the 

hydrology and stability of the Straight Creek slide site. The fourth section addresses the 

specific effects on site hydrology and stability of the remediation work conducted during 

2011 through 2012, which consisted of weight-reducing caissons below the highway 

surface and horizontal drains near the slide toe. The fifth section proposes and 

evaluates a new remediation design, which would consist of a similar network of drains 

extending into the north slope from the westbound shoulder to target the primary area of 

excess pore pressure buildup identified in this study.  

5.1 Slide Surface Geometry 

Previous phases of this investigation assumed that the failure surface intersected 

the highway surface between the eastbound and westbound lanes. This was based on 

informal interviews with CDOT employees, who reported that the pavement depth was 

considerably greater in the eastbound lanes; on borehole logs from the Kumar & 

Associates (1996) report, which indicated slickenside failure surfaces beneath the 

eastbound shoulder and not the westbound shoulder; and on inclinometer data, which 

likewise showed a sharply defined shear zone under the eastbound shoulder and not 

the westbound shoulder (Figure 5.1). 
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Figure 5.1 Inclinometer data read by CDOT from the newest instruments installed on 

the eastbound shoulder (left) and westbound shoulder (right). Note that vertical scales 
are not equal. 

All Phase II stability modeling therefore incorporated a pre-defined failure surface 

similar to that shown in Figure 4.2. However, several lines of evidence suggest that the 

failure surface extends farther upslope. Initial Phase III stability modeling in Slope Cube, 

using the LFS method that enables a true universal failure surface search, suggests that 

the failure surface intersects the highway surface in the westbound shoulder, as shown 

in Figure 4.9. 

Numerical models that use conventional global FS methodology frequently return 

similar results when they are used to search for a failure surface of minimal FS; these 

critical failure surfaces tend to be located near material boundaries, as they include a 
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maximal amount of slide mass and therefore driving force without passing through 

stronger materials. It is possible that the extended failure surface predicted by Slope 

Cube is a product of oversimplification of subsurface materials; there could be a vertical 

weakened zone beneath the highway median, or there could be a difference in 

embankment material between the eastbound and westbound halves. I-70 was widened 

from four to six total lanes in 1978 (Kumar, 1997), likely using different material than the 

tunnel cuttings used in the original construction, so the center and right lanes on the 

eastbound side are probably overlying different materials than the left eastbound lane 

and all westbound lanes. However, there has been little doubt that all eastbound lanes 

and the median are experiencing substantial subsidence, so any material difference 

cannot totally explain differential movement. Furthermore, not enough is known about 

the material used during widening operations or the highly heterogeneous and difficult 

to characterize tunnel cutting fill to justify distinguishing them in stability modeling. 

There are other lines of evidence that suggest the failure surface predicted by 

Slope Cube in Phase III is more accurate than the one used in Phase II modeling. 

Photographs of the highway surface, taken as long as possible after asphalt capping 

operations, show arcuate crack patterns that extend well into the westbound lanes 

(Figure 3.5), suggesting that the head scarp extends into the westbound lanes as well. 

While inclinometer data does show the absence of an obvious failure plane in the 

westbound shoulder, there is still downslope movement in this area. Figure 5.1 indicates 

that this movement is most pronounced at the surface, and occurs at a slower rate than 

movement along the failure plane under the eastbound shoulder. Taken together with 

the evidence of slide movement under the westbound lanes presented previously, this 
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suggests that minor secondary slumping along the head scarp of the main slide may be 

occurring. As the westbound-side inclinometers are located near the northern boundary 

of the wide westbound shoulder, a failure plane that intersects the highway somewhere 

within the westbound shoulder seems most likely. This evidence, when considered 

alongside the pavement depth contour map and photographs of crack patterns, 

suggests a head scarp that begins at the eastbound shoulder, curves through both 

eastbound and westbound travel lanes, runs parallel to the highway within the 

westbound shoulder or perhaps the right westbound lane, and then curves back through 

all travel lanes to return to the eastbound shoulder (Figure 5.2).  

 
Figure 5.2 Head scarp geometry used in Phase II and Phase III modeling (Google 

Earth, 2016). 

Based on the lines of evidence presented above, all subsequent models and 

remediation designs assume that this revised failure surface is reasonably accurate, 

and that the westbound travel lanes are involved in the main slide. This finding should 

help CDOT understand why asphalt capping has been necessary in the westbound 
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lanes as well as the eastbound, and increases the credibility of activated length 

analyses dependent on the accurate prediction of a failure surface. 

5.2 Effects of Annual Infiltration Variability 

While every year on record follows the general pattern of infiltration outlined in 

the conceptual model, there is considerable variability in the cumulative annual 

infiltration, the fraction of rainfall versus snowmelt infiltration, and the temporal 

distribution of infiltration. The effect of this variability on groundwater hydrology and 

slide stability is explored in this section. 

5.2.1 Cumulative Annual Infiltration 

As can be seen in Figure 5.3 and Table 5.1 below, snowmelt infiltration accounts 

for most of cumulative annual infiltration (an average of 74.7%), and its variability 

therefore accounts for most of the variability in total infiltration. Figure 5.3 also indicates 

that amplified slide movement tends to coincide with years of elevated infiltration, 

especially elevated snowmelt infiltration; periods of movement noted during 1986, 1995-

1997, and 2008, correspond to years of higher than average cumulative infiltration. For 

periods when inclinometer data is available, pronounced lateral motion is labeled; for 

periods dependent on interviews with CDOT employees, increased movement is simply 

labeled “significant” or “pronounced,” the terms used in these interviews. There are 

years of higher than average infiltration with no indication of increased movement; 

however, data on slide movement is far from continuous. Inclinometer data is only 

available from 1996 through 1999 and from 2007 through 2017, and the only other 

source of information consists of interviews with CDOT employees; it is possible that 
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increased movement did occur in years of high infiltration without inclinometer data 

availability, such as 2003. Other potential explanations are explored in later sections. 

Table 5.1 Infiltration Characteristics 

 Snowmelt 
Infiltration 

Rainfall 
Infiltration 

Total 
Infiltration 

Average [m] 0.581 0.190 0.771 

Minimum [m] 0.267 0.102 0.475 

Maximum [m] 0.953 0.345 1.166 

Standard 
Deviation 

[m] 0.159 0.061 0.162 

[%] 27.3% 32.4% 21.0% 

 

 
Figure 5.3 Annual infiltration totals calculated from SNOTEL data for the full available 

record, with periods of increased movement denoted. 

For 2012 through 2017, the availability of piezometer data allows infiltration 

amounts to be correlated to peak pressure head (Figure 5.4). There is an obvious and 

positive trend between the amount of snowmelt infiltration and peak pressure heads. 

However, there is no identified trend between rainfall infiltration and peak pressure 
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heads, suggesting that larger and more rapid snowmelt infiltration largely governs 

hydrologic variability. 

 
Figure 5.4 Correlations between annual snowmelt (left) and rainfall (right) infiltration 

amount and peak observed pressure head under the westbound and eastbound 
shoulders. 

The numerical model developed in this study is used to conduct a sensitivity 

analysis of the effect of infiltration amount on slide stability. Input data is prepared using 

five cumulative annual infiltration amounts, covering the range of observed values for 

each type of infiltration (Table 5.2). All possible combinations of these values for 

snowmelt and rainfall infiltration result in 25 unique infiltration scenarios for cumulative 

annual infiltration amounts, which are then distributed over the typical duration of each 

season (April 1 to May 21 for snowmelt infiltration, May 22 to September 22 of the year 

for rainfall infiltration; derived via the method in Figure 5.6), meaning that infiltration rate 

varies. The resulting 25 possible combinations of snowmelt and rainfall infiltration are 

then each modeled, using the same initial conditions protocol as outlined in section 
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4.2.2. The resulting activated length (LFS < 1 along assumed failure surface) for each 

combination is contoured in Figure 5.5. 

Table 5.2 Infiltration Amounts Used 

Infiltration 
Type 

Level 1 
(Minimum) 

Level 2 Level 3 
(Average) 

Level 4 Level 5 
(Maximum) 

Rainfall [m] 0.102 0.146 0.190 0.268 0.345 

Snowmelt [m] 0.267 0.424 0.581 0.767 0.953 

 

 
Figure 5.5 Contour plot of activated length as a function of infiltration amount during 

snowmelt and rainfall seasons; higher activated length indicates lower stability. 

Slide stability is clearly sensitive to snowmelt infiltration, whereas it is only 

marginally sensitive to rainfall infiltration. An increase in snowmelt infiltration of 10% of 

the average (about 6 cm) produces an increase in activated length of 3% of the 

maximum, whereas an increase in rainfall infiltration of 10% of the average (about 2 cm) 

produces an increase in activated length of only 0.1% of the maximum. The entire range 

of snowmelt infiltration can change activated length by about 35% of the maximum, 

while the entire range of rainfall infiltration can change activated length by only about 
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1.2% of the maximum. This disparity is related to the fact that snowmelt infiltration is 

both greater in magnitude, even for years where it is at a minimum, and occurs over a 

shorter period. As is shown in the next section, infiltration occurring at a higher rate is 

more likely to cause a critically destabilizing increase in pore pressures. 

5.2.2 Infiltration Rate and Duration 

The effects on embankment stability of variability in rate and duration of the 

infiltration seasons are also considered. Informal interviews with CDOT employees 

indicates “pronounced” or “significant” movement (terms used throughout the interviews 

to indicate greater roadway subsidence, as determined by a need for more frequent 

asphalt capping to maintain a level surface) during 1986. That year had slightly higher 

than average cumulative annual snowmelt infiltration, but had the third highest rate of 

snowmelt infiltration on record (17.6 mm/day, compared to average and maximum rates 

of 12.9 and 21.8 mm/day respectively). This suggests that a higher rate by itself can 

increase instability. Information on the variability of the duration and rate of snowmelt 

and rainfall infiltration is presented in Table 5.3 and Table 5.4, respectively; these 

values are derived by visually fitting a straight line through the cumulative infiltration 

plots (Figure 5.6). 

There is a lower positive and weaker correlation between snowmelt infiltration 

duration and peak pressure head than between snowmelt infiltration amount, and no 

obvious correlation between rainfall infiltration duration and peak pressure head (Figure 

5.7). There is a similar but more pronounced pattern between infiltration rates and peak 

pressure head, with the rate of snowmelt infiltration strongly and positively correlated 

with peak pressure head (Figure 5.8).  
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Table 5.3 Infiltration Duration Characteristics 

  
Snowmelt 
Infiltration 

Rainfall 
Infiltration 

Average [days] 45.3 116.4 

Minimum [days] 31.5 63 

Maximum [days] 66.5 168 

Standard 
Deviation 

[days] 8.2 20.2 

[%] 18.1% 17.3% 

 
 

Table 5.4 Infiltration Rate Characteristics 

  
Snowmelt 
Infiltration 

Rate 

Rainfall 
Infiltration 

Rate 

Average [mm/day] 12.9 1.7 

Minimum [mm/day] 7.7 0.8 

Maximum [mm/day] 21.8 4.1 

Standard 
Deviation 

[mm/day] 3.0 0.7 

[%] 23.6% 40.2% 

 
 

 
Figure 5.6 Derivation of generalized snowmelt and rainfall data (infiltration from 1993). 
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Figure 5.7 Correlations between snowmelt (left) and rainfall (right) infiltration duration 

and peak pressure head under the westbound and eastbound shoulders. 

 
Figure 5.8 Correlations between snowmelt (left) and rainfall (right) infiltration rate and 

peak pressure head under the westbound and eastbound shoulders. 

All correlations between snowmelt infiltration characteristics are both stronger 

and more positive regarding the peak pressure head at the WB piezometer. This 

indicates that this location is more responsive to atmospheric conditions, receiving more 

direct flow from the north slope layers of fractured gneiss and colluvium. In contrast, the 
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EB piezometer records conditions more modulated by the flow-restricting embankment 

and decomposed gneiss materials. 

Numerical modeling is also used to examine the effects of infiltration duration and 

rate. As variability in the rainfall season is shown in section 5.2.1 to be relatively 

unimportant compared to variability in the snowmelt season, it is held constant 

throughout these model runs; the average rainfall infiltration amount is applied over the 

average rainfall infiltration duration. The minimum, average, and maximum snowmelt 

infiltration durations are used with either a constant snowmelt infiltration amount 

(varying rate) or a constant snowmelt infiltration rate (varying amount). The resulting 

activated length contour plots are given below in Figure 5.9. 

The results follow intuitive expectations; applying a given amount of snowmelt 

infiltration over a shorter duration amplifies the destabilizing increase in pore pressure 

relative to an average or longer duration, as there is less time for infiltrated water to flow 

downward and out of the slope. This variation in duration, with a constant amount of 

infiltration, can change the activated length by about 4% of the maximum; this is almost 

four times larger than the change caused by the amount of rainfall infiltration, despite 

the fact that snowmelt duration is less variable than rainfall infiltration. If snowmelt 

infiltration rate is held constant, increasing duration has the opposite effect and 

activated length is increased; this can change the activated length by about 12.5% of 

the maximum. Of course, this also results in an increase in total snowmelt infiltration 

amount, which is shown in section 5.2.1 to cause large variations in activated length. To 

distinguish the differing effects of infiltration amount from infiltration rate, a fourth group 
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of models is run with infiltration amount and rate controlled. The activated length results 

are presented in Figure 5.10. 

 
Figure 5.9 Contour plots of the activated length as a function of snowmelt duration and 
snowmelt infiltration amount (left) or snowmelt infiltration rate (right). Higher activated 

length indicates greater instability. 

For a given depth of snowmelt infiltration, the rate at which it occurs can have a 

substantial effect on slope stability. The activated length for a given amount of snowmelt 

infiltration at the maximum rate is greater than for the same amount at the minimum rate 

by about 8% of the maximum. That is a larger effect than for rainfall infiltration amount, 

which can only affect activated length by about 1.2% of the maximum. The effect of 

snowmelt infiltration rate is also larger than the effect of snowmelt duration, although 

this is primarily due to the greater variability of snowmelt rate; a change of 10% of the 

average value for either snowmelt duration or rate produces a change in activated 

length of about 0.6% of the maximum. 
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Figure 5.10 Contour plot of activated length as a function of snowmelt infiltration amount 

and rate. 

5.2.3 Co-dependence of Infiltration Characteristics 

Thus far, infiltration amount, rate, and duration are treated as if any two of them 

are completely independent variables, with the third being dependent on the first two. 

This is not entirely accurate, as can be seen below in Figure 5.7, Figure 5.8, and Figure 

5.11. Rainfall infiltration duration is close to independent of rainfall infiltration amount 

and rainfall infiltration rate, with weak, slightly positive and slightly negative correlations, 

respectively. Snowmelt infiltration duration is more clearly correlated with snowmelt 

infiltration amount, which is unsurprising; a deeper snowpack can be expected to take 

slightly longer to melt. There is essentially no correlation between snowmelt rate and 

duration. 
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Figure 5.11 Correlation between infiltration amount and duration. 

 
Figure 5.12 Correlation between infiltration amount and rate. 
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Figure 5.13 Correlation between infiltration duration and rate. 

The clearest and strongest correlations are between infiltration amount and rate, 

which are positive for both snowmelt and rainfall infiltration. This is unsurprising for 

rainfall infiltration; a year of high rainfall in Colorado would be expected to consist of 

frequent, high intensity precipitation events. This correlation is more surprising with 

regards to snowmelt infiltration, which is not caused directly by precipitation events but 

by a basically continuous, rapid process driven by steady temperature increase; the 

correlation suggests that a deeper snowpack melts faster. This could possibly be a 

product of the method of calculating snowmelt infiltration, as any liquid water contained 

within the snowpack would still be included in SWE. Liquid water that is produced by 

melting early in the spring may take longer to seep through a deep snowpack, delaying 

the reduction in SWE that is interpreted as snowmelt infiltration, so that the period over 

which snowmelt infiltration occurs is not increased as much as the amount of infiltration 

is. If this is the case, the validity of the snowmelt infiltration calculation method is 

unaffected; even if there is liquid water contained in the snowpack, it has not infiltrated 

until the SWE is reduced. 
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5.2.4 Early Partial Snowmelt Events 

Melting of the accumulated snowpack typically occurs in a rapid and continuous 

process, beginning in May. However, close examination of atmospheric data reveals 

that this is not always so. Two years of annual cumulative infiltration data (1984 and 

1993) are compared in Figure 5.14; rainfall infiltration has been added to snowmelt 

infiltration and presented as total infiltration.  

Both years show typical snowmelt seasons, beginning in early May and ending in 

late June, with the rainfall season then beginning and continuing until October (when 

temperatures typically drop below freezing and precipitation is dominantly snow). The 

data for 1984 also indicates a third generalized season, distinguishable from the 

snowmelt season via timing (it begins in early March and continues until the onset of the 

main snowmelt season in early May) and a lower infiltration rate. This early partial 

snowmelt (EPSM) season is observed in approximately two thirds of the years on 

record (1984 through 2017). 

This EPSM season, when present, rarely accounts for a substantial amount of 

the water entering the slope in a given year. However, EPSM could amplify the elevated 

pore pressures that trigger the landslide by “pre-wetting” the hillslope above the 

highway embankment, thereby increasing the hydraulic conductivity of subsurface 

materials prior to the main snowmelt season. This pre-wetting would accelerate 

infiltration of water into the slope during the snowmelt season, initiate an earlier onset of 

downslope subsurface flow, and amplify the destabilizing increase in pore pressure 

underneath the embankment. 
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Figure 5.14 Comparison of years with (left, 1984) and without (right, 1993) an early 

partial snowmelt (EPSM) season. 

This effect of pre-wetting has been observed and modeled before. Whipkey 

(1965) used a collection trough and simulated rainfall on a natural hillslope to test the 

effect of antecedent moisture conditions on lateral subsurface flow. Due to the difficulty 

of rigorously controlling or measuring these conditions, Whipkey simply categorized 

them as “dry” (slope was allowed to drain more than four days between simulated 

storms) or “wet” (slope was allowed to drain less than four days). Whipkey found that 

wet conditions produced subsurface flow approximately 1.5 hours earlier; this is a 

notable difference considering the small spatial scale of the slope and the duration of 

the simulated storms, which were between 1 and 2.5 hours in duration. Whipkey also 

found substantial differences in the total amount of seepage collected for wet versus dry 

conditions; this is due to infiltrated water being retained in the slope under drier 

conditions, when matric suction is higher and partially counterbalances the elevation 

gradient causing downslope flow. This effect would be less pronounced for the temporal 

scale of the Straight Creek snowmelt season, which introduces an average of 58 cm of 
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infiltration to the site over an average of 50 days, relative to Whipkey’s experiments, 

which introduced a maximum of 10.7 cm of infiltration over a maximum of 2.5 hours. 

The pre-wetting effect would, however, boost the amount of flow arriving at the 

embankment in the early stages of downslope flow and accelerate the downslope flow 

process. 

Lu and LeCain (2003) explored the effect of pre-wetting on vertical infiltration as 

part of a study into the feasibility of a nuclear waste storage facility in Yucca Mountain, 

Nevada. As part of their numerical modeling efforts, Lu and LeCain compared the 

saturation profiles produced by a design storm with and without a smaller storm 

occurring seven weeks earlier. When the soil had been pre-wetted by the earlier storm, 

the wetting front produced by the main design storm advanced deeper and faster than 

when there was no earlier storm modeled. It is worth noting that Lu and LeCain’s study 

involved an increase in the total amount of infiltrated water due to the earlier storm; in 

this study, an EPSM event only changes the temporal distribution of infiltration, not the 

total amount. 

To model these effects for the Straight Creek slide, the EPSM season is first 

characterized from the SNOTEL data in terms of cumulative infiltration and duration. 

Various combinations of EPSM infiltration amount and duration are modeled with 

generalized years of snowmelt and rainfall infiltration, with the cumulative EPSM 

infiltration amount deducted from the cumulative snowmelt infiltration amount. 

One-dimensional modeling is conducted in HYDRUS 1D using 50 m deep, 

vertically oriented columns of both the fractured gneiss and decomposed gneiss 

materials. In the fractured gneiss material, a given year of snowmelt and rainfall 



67 

 

infiltration preceded by an EPSM season with maximal infiltration produces a wetting 

front that has advanced roughly an additional 2 m by day 140 compared to a similar 

year with no EPSM season (day 140 was chosen for comparison because the maximum 

differences in wetting front depth have appeared by this point). When the lower-

conductivity decomposed gneiss material is used, the accelerating effect is less evident; 

the maximum increase in wetting front depth was 0.5 m. These results indicate that flow 

in the north slope could be enhanced substantially more than flow underneath and 

downslope from the embankment due to differences in soil hydrologic properties; this 

disparity could amplify the contrast in hydraulic conductivity that causes elevated 

pressure heads under the embankment. 

Two-dimensional modeling uses the HYDRUS 2D model developed during this 

study, with the same combinations of generalized EPSM, snowmelt, and rainfall 

seasons. Hydrographs for the observation node representing the WB piezometer are 

used for comparison. The effect of the EPSM season is most pronounced when applied 

to a year of minimal snowmelt and rainfall infiltration; therefore, results for these years 

are presented to emphasize these effects. 

Hydrographs for the WB node for a year of minimum snowmelt and rainfall 

infiltration are shown in Figure 5.15, with varying amounts of EPSM infiltration applied 

over the minimum duration. Comparing various amounts of EPSM infiltration over longer 

durations and as applied to higher amounts of snowmelt and rainfall infiltration produce 

trends that are similar but more subdued relative to total changes in pore pressure 

head. 
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Figure 5.15 Hydrographs at WB node for no EPSM and various EPSM seasons applied 
over minimum duration. Minimum EPSM curve is identical to curve for no EPSM and is 

not shown. 

Increasing amounts of EPSM infiltration reduce peak pore pressure heads, and 

produce flatter hydrographs with a temporal shift (pore pressures rise, peak, and fall 

earlier). The minimum amount of EPSM infiltration produces no change as compared to 

a year of no EPSM season. These trends hold across all EPSM durations and amount 

of snowmelt and rainfall infiltration. 

 Figure 5.16 below shows hydrographs for the WB node for a year of minimum 

snowmelt and rainfall infiltration, for the maximum amount of EPSM infiltration applied 

over varying durations. Again, this data set is presented because it highlights the effect 

of the EPSM season. 

The effect of increasing duration is again a reduction in peak pressure head. The 

change in pressure head produced by the range of duration (12.9 cm) is less than that 

produced by the range of EPSM infiltration amount (21.3 cm). Increasing EPSM 
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duration also results in flatter hydrographs, but without the shift towards earlier 

response produced by increasing EPSM infiltration amount. 

 
Figure 5.16. Hydrographs at WB node for no EPSM and EPSM season of maximum 

infiltration applied over various durations. 

The reduction in peak pressure head (as compared to a year of no EPSM) 

increases with increasing EPSM infiltration amount, with increasing EPSM duration, and 

with increasing snowmelt and rainfall infiltration amount. The greatest reduction 

therefore occurs for the maximum EPSM infiltration amount distributed over the 

maximum duration and applied to a year of maximum snowmelt and rainfall infiltration. 

However, this reduction in pressure head (0.670 m) is relatively small compared to the 

increase in pressure head between winter and summer for a year of maximum 

snowmelt and rainfall infiltration (15.4 m for a year of no EPSM); it represents a 4.4% 

decrease in this seasonal variation. The maximum reduction in pore pressure head for a 

year of minimum snowmelt and rainfall infiltration (0.354 m) represents an 18% 

decrease in the smaller seasonal variation for this level of infiltration (1.964 m). 
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The general effect of pre-wetting does produce an accelerating effect on 

subsurface flow. Even when, as in the case of the EPSM season, the pre-wetting event 

reduces the amount of infiltration in subsequent main infiltration events, the higher 

levels of saturation it produces prior to the main infiltration event increases the speed of 

the wetting front and the depth to which it progresses. 

One-dimensional modeling proves that this effect exists and can be substantial. 

Additionally, it shows that this effect is more pronounced in the high-conductivity 

fractured gneiss than in the low-conductivity decomposed gneiss. This is interpreted as 

supporting the hypothesis that EPSM events could result in higher peak pore pressures, 

as flow through the fractured gneiss in the north slope could be amplified more than flow 

through the decomposed gneiss under the highway embankment and result in 

increased buildup of groundwater and pore pressures. 

However, there are important distinctions between the one-dimensional and two-

dimensional models’ hydrologic behavior. The one-dimensional model captures the 

deep vertical progress of a wetting front through initially dry soil; the two dimensional, 

shallow vertical infiltration followed by extensive lateral downslope subsurface flow 

modeled in HYDRUS 2D is more representative of the actual site behavior. Since the 

main flow path in the 2D model is a shallow layer of colluvium and fractured or 

decomposed gneiss that is roughly parallel to the ground and bedrock surfaces, it is 

saturated more evenly and contemporaneously by an EPSM event. This means that the 

accelerating effect of pre-wetting events is enhanced, with results that contradict the 

hypothesized effect of increased hydraulic conductivity contrast. 
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Examination of contour maps of water content and flow velocity prove that EPSM 

events result in the decomposed gneiss layer becoming more evenly saturated earlier in 

the year and allowing higher flow rates. This is due both to more water arriving from the 

north slope in the form of lateral, downslope flow and to more water infiltrating vertically 

through the south slope (downslope from the highway) down to the decomposed gneiss 

layer. The decomposed gneiss layer therefore becomes more saturated along its entire 

length, and saturates earlier in the year, as compared to a year of no EPSM season. 

The decomposed gneiss layer acts as a bottleneck in the path of downslope flow 

(the embankment fill is even less permeable, and therefore restricts the majority of flow 

to the decomposed gneiss), so this increase in saturation from EPSM has an important 

effect. Contour maps of flow velocity for years of minimum snowmelt and rainfall 

infiltration are presented in Figure 5.17, with and without an EPSM season (maximum 

infiltration amount, minimum duration). These images represent the same model “date,” 

corresponding to the middle of the typical snowmelt season (equivalent to early June). 

Subsurface flow is approaching its maximum level at this time. The scenario with an 

EPSM season shows a broader band of high velocity under the highway, indicating that 

a thicker saturated zone exists in the decomposed gneiss that is allowing greater flow 

volume to pass. The difference is also pronounced farther down in the decomposed 

gneiss layer (towards the right side of the contour maps) and earlier in the snowmelt 

season, which provides further evidence of the more even saturation process driven by 

the EPSM season. 

This increased flow through the bottleneck allows pore pressures building up 

below and against the embankment to dissipate more easily. It is not just a result of 
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distributing the same amount of infiltration over a longer period of time; to rule this out, 

the representative levels of snowmelt infiltration (minimum, average, and maximum) are 

also distributed evenly over the 50-day snowmelt season plus each EPSM duration.  

While this does reduce peak pore pressures for the average and maximum EPSM 

durations, it does not for the minimum EPSM duration. 

 
Figure 5.17. Contour maps of flow velocity beneath the highway embankment (light grey 

is the lowest, black is the highest). Left image was taken during a year of no EPSM, 
right image was taken during a year of maximum EPSM infiltration over minimum 

duration. 

Additionally, the fluxes at the downslope constant head boundary can be 

compared; the inclusion of a distinct EPSM season produces an increase in flux of up to 

0.1 m2/day (a 7.2% increase) sustained throughout the peak caused by the main 

infiltration seasons, as compared to years without an EPSM season. These increased 

rates result in an increase in annual cumulative flux through this boundary of up to 25 

m2
, a 5.3% increase over years without an EPSM season. These results indicate that 

the pre-wetting effect of the EPSM season is in fact causing the infiltrated water to flow 

more easily through the hillslope, and not merely distributing it over a wider temporal 

range in a way that reduces buildup. 
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The increase in flow induced by EPSM reduces the destabilizing, “spiky” 

increases in pore pressure that were identified during Phase II as the primary cause of 

slide movement. However, this reduction is probably not as important as total seasonal 

pore pressure increases in years of average to maximum snowmelt and rainfall 

infiltration; it is important in years of lower snowmelt and rainfall infiltration, although it is 

not clear that years of such low infiltration experience substantial movement. The 

hypothesis that EPSM seasons accentuate destabilizing groundwater buildup is 

therefore disproven; EPSM seasons can be clearly seen to actually mitigate this 

buildup.  

5.2.5 Summary of Effects of Annual Infiltration Variability 

Of the atmospheric variables studied, annual cumulative snowmelt infiltration is 

by far the most important single-year factor in the level of slide activation, and is likely 

sufficient to determine whether or not the slide will move and by how much in a given 

year. The rate at which snowmelt occurs also has a substantial effect on stability, 

although less so than the total amount of snowmelt. A faster rate of snowmelt 

exacerbates the seasonal increase in pressure head beneath the embankment, which is 

the cause of instability. All other single-year factors are essentially negligible by 

comparison to cumulative annual snowmelt and snowmelt rate. 

5.3 Effects of Multi-Year Infiltration Patterns 

Examining Figure 5.3, it is apparent that periods of increased slide movements 

typically coincide with periods of high infiltration spanning multiple years. This suggests 

a possible carryover effect whereby wintertime groundwater levels are affected by the 

magnitude of infiltration during the previous year, and that this can in turn affect the 
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hydrologic response (and therefore stability) of the following year. The following 

sections evaluate this hypothesis using SNOTEL infiltration data, base flow data from 

USGS stream gage 09051050, and numerical modeling. 

5.3.1 SNOTEL Infiltration Data Analysis 

The utility of comparing movement records to infiltration data is limited by the 

inconsistent availability of movement data, but examination of Figure 5.3 does indicate 

that two known periods of increased movement (1995 to 1997 and 2008 to 2009) 

coincide with consecutive years of above average snowmelt infiltration. 

The increased movement in 1986 is a possible exception; while 1986 

experienced slightly higher than average amounts of snowmelt and rainfall infiltration, 

1985 experienced slightly lower than average infiltration amounts. It is possible that the 

extremely high infiltration in 1984 produced a carryover effect powerful enough to affect 

groundwater levels in the winter of 1985-1986, or that the CDOT employee reporting 

movement in 1986 simply misremembered the exact year (the interview yielding that 

information occurred in 1996). It is also possible that increased movement in 1986 is 

primarily related to the higher than average rate of snowmelt infiltration in that year, as 

discussed in section 5.2.2. 

The increased movement in the mid-1990s occurred during three consecutive 

years of unusually elevated infiltration, and the increased movement in the late 2000s 

occurred during the last two of four consecutive years of higher than average infiltration. 

In contrast, three isolated years of high infiltration (2003, 2011, and 2014) may not have 

experienced increased movement. Inclinometer data is not available for 2003, and the 

only readings covering 2011 were taken at the westbound shoulder in 2010 and 2012, 
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making it difficult to determine exactly how much movement occurred in 2011. CDOT 

employees and contractors do not recall an unusual amount of movement in 2011 or 

2014.  

There is a noticeable cycle in the infiltration data, with consecutive years of high 

infiltration (and the associated increase in movement) occurring at the peaks of a 

roughly 10 to 11 year period. The isolated years of high infiltration (2003, 2011, and 

2014) appear to be outliers occurring during the low point of the cycle. This suggests 

the possibility of predicting periods of increased movement based on the time since the 

last period of increased movement and on the probability of consecutive years of 

elevated infiltration. Assuming the cycle repeats, 2018 through 2020 will coincide with 

the predicted peak. The year 2016 had slightly lower than average total infiltration, but 

higher than average snowmelt infiltration, while 2017 had both total and snowmelt 

infiltration amounts higher than average. Higher than average infiltration in 2018 through 

2020 would repeat the pattern observed over the last three decades; increased slide 

movement could result, and validate the hypothesized impact of multi-year patterns on 

stability. 

5.3.2 Base Flow Analysis 

The period for which piezometer data is available is too short to conduct a 

rigorous analysis of this possible memory effect. To expand the number of years 

available for analysis, a different measure of or proxy for groundwater levels is 

necessary; the base flow data calculated from USGS stream gage 09051050 is 

available from 1987 onward, providing a larger data set for comparison with infiltration 

data. 
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Four statistics are calculated for each year: cumulative total stream flow 

discharge, cumulative base flow discharge, minimum subsequent base flow (i.e. in the 

winter season following each year), and average subsequent winter base flow. The 

winter season is defined as January 1 through March 31 for this analysis. Each statistic 

is then normalized to the average for the study period, and correlated to the cumulative 

snowmelt infiltration for that year, which is also normalized to its average over the study 

period. Snowmelt infiltration is found to be more strongly correlated with all stream gage 

data, further confirming its predominance in governing regional hydrologic behavior. The 

first two stream gage statistics (cumulative discharge for total stream flow and base 

flow) are used to establish the validity of comparing the stream gage data to the 

SNOTEL data, as the SNOTEL site lies outside the drainage area but is considered to 

be representative of meteorological conditions. Both measures of flow have strong, 

positive correlations with infiltration (Figure 5.18), confirming that the SNOTEL data is 

representative of conditions within the stream gage drainage area.  

 
Figure 5.18 Correlations between infiltration and flow values for 1987 through 2015. All 

values have been normalized to the average value over this period. 
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The other two statistics, minimum subsequent base flow and average 

subsequent winter base flow, are evaluated to address the hypothesis that the amount 

of infiltration in a given year can affect the groundwater level at the beginning of the next 

year’s infiltration season. As base flow is generated from a watershed’s groundwater, a 

positive correlation between infiltration and subsequent winter base flow would confirm 

the hypothesized memory effect.  

There is in fact a positive correlation between the snowmelt infiltration in a given 

year and the base flow during the following winter (Figure 5.19). This correlation cannot 

completely explain variation in wintertime base flow, but could explain much of the 

variation. If the assumption that changes in base flow correspond to changes in 

groundwater level is valid, then the proposed carryover effect seems likely to exist to 

some degree. 

 
Figure 5.19 Correlations between infiltration and base flow in the subsequent winter 
season. All values have been normalized to the average value over the study period. 



78 

 

5.3.3 Numerical Modeling 

Numerical modeling can provide further support for the existence of a carryover 

effect. The same representative years of snowmelt and rainfall infiltration, consisting of 

minimum, average, and maximum infiltration amounts distributed over 50 and 125 days 

respectively, are run in various patterns; hydrographs of pressure head from the 

observation nodes are analyzed for comparison. All model runs use the same model 

developed during this study, with initial conditions set using the procedure discussed in 

section 4.2.2. A hydrograph for the WB node is presented in Figure 5.20 for illustrative 

purposes; this run consists of four maximum infiltration years, four minimum infiltration 

years, and four more maximum infiltration years. As four consecutive years of a given 

infiltration amount are sufficient to establish a new cyclical equilibrium, this hypothetical 

sequence of years allows for the analysis of the carryover effects of the transition from 

average to maximum, maximum to minimum, and minimum to maximum infiltration 

years. 

The pressure head peak during the first year of a period of consecutive years of 

maximum infiltration is suppressed relative to subsequent years of maximum infiltration, 

and suppressed more when preceded by years of minimum infiltration than when 

preceded by years of average infiltration. As expected, the pressure head peak during 

the first year of a period of consecutive years of minimum infiltration is amplified relative 

to subsequent years of minimum infiltration. The amount by which a pressure head 

peak at the WB piezometer node for a given infiltration year is suppressed or amplified 

by the preceding infiltration years, relative to the peak produced by the same infiltration 

year at cyclical equilibrium (i.e. no change in pressure heads between identical years), 
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is listed in Table 5.5. The WB piezometer node is used for comparison because the 

large amplitudes of its pressure head peaks make any change easier to measure, and 

because it is in one of the more critical locations in terms of slope stability. The other 

piezometer observation nodes display qualitatively similar carryover effects. 

 
Figure 5.20 Example of a model run used to assess carryover effects; this hydrograph is 

from the WB piezometer node. 

Table 5.5 Effect of Preceding Years on Peak Pressure Head 

Current Year 
Infiltration Amount 

Preceding Years Infiltration Amount 

Minimum Average Maximum 

Minimum 0.0% 8.2% 16.5% 

Average -15.7% 0.0% 5.9% 

Maximum -13.6% -6.1% 0.0% 

 

Note that all of these results are based on the preceding infiltration years being 

repeated sufficient times to produce cyclical equilibrium. It is possible to run a model 

case where this is not true; for instance, with initial conditions set by running average 

infiltration years until cyclical equilibrium is reached, then running one minimum 
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infiltration year and four maximum infiltration years. This results in a slightly amplified 

pressure head peak during the year of minimum infiltration, due to the carryover effect 

of the average infiltration years, and a slightly suppressed pressure head peak during 

the first maximum infiltration year, due to the carryover effect of the minimum infiltration 

year. As expected, the carryover effect is attenuated; the peak during the first maximum 

infiltration year is not as suppressed as it would be if it were preceded by multiple 

minimum infiltration years, but more than if were preceded only by average infiltration 

years. The quantitative analysis of this attenuation is not considered highly relevant, as 

the model is not a perfect analog of the slide site; the results presented in Table 5.5 are 

considered reasonably accurate bounding cases, with attenuation of the carryover effect 

occurring as discussed. 

The effect of preceding years on peak activated length is smaller; Table 5.6 lists 

the peak activated lengths resulting from the same model run used to assess carryover 

effects on peak pressure heads. The peak activated length for a year of minimum 

infiltration is moderately affected, although still not by enough to cause substantial 

changes in stability. The peak activated length for years of average infiltration is only 

slightly affected, although potentially by enough to increase slide movement, and the 

peak activated length for years of maximum infiltration is not affected at all. 

Table 5.6 Peak Activated Length, Based on Infiltration History 

Current Year 
Infiltration Amount 

Preceding Years' Infiltration Amount 

Minimum Average Maximum 

Minimum 54.6% 58.6% 60.7% 

Average 90.0% 90.9% 91.3% 

Maximum 100% 100% 100% 
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The duration of elevated instability, however, is strongly affected by the infiltration 

during preceding years. Table 5.7 lists the duration of an activated length greater than 

80%, a period during which progressive failure is likely. If a year of average infiltration is 

preceded by a year of minimum infiltration, progressive failure will last for substantially 

less time than if it were preceded by a year of average or maximum infiltration; this will 

likely result in smaller displacements. Table 5.8 lists the duration of an activated length 

of 100%, which indicates simultaneous failure of the entire slide surface. If a year of 

maximum infiltration is preceded by a year of maximum or minimum infiltration, it will 

increase or decrease this duration by approximately 15% relative to the same year 

preceded by a year of average infiltration. Again, this is likely to have a substantial 

effect on the amount of displacement during that year. 

Table 5.7 Duration in Days of Activated Length > 80%, Based on Infiltration History 

Current Year 
Infiltration Amount 

Preceding Years' Infiltration Amount 

Minimum Average Maximum 

Minimum 0 0 0 

Average 24.4 32.0 32.2 

Maximum 50.4 51.1 51.8 

 

Table 5.8 Duration in Days of Activated Length of 100%, Based on Infiltration History 

Current Year 
Infiltration Amount 

Preceding Years' Infiltration Amount 

Minimum Average Maximum 

Maximum 11.2 13.1 15.0 

  

The effect of infiltration history is also modeled using daily infiltration data for 

2016, 2016, and 2017; annual totals for these years and the 1984-2017 averages are 

presented in Table 5.9. 



82 

 

The activated length time series for these model runs are given in Figure 5.21, 

and the peak activated length and duration of activated length exceeding 80% are listed 

in Table 5.10. The peak activated length again displays modest sensitivity, although it is 

more sensitive than for the generalized cases discussed previously. The duration of 

activated length exceeding 80% is strongly affected by the preceding year. If 2017 had 

been preceded by 2015, which had less infiltration than 2016, this duration would have 

been decreased by 31.5%, whereas if it had been preceded by itself (or an identical 

year) this duration would have been increased by 20%. This variability could produce 

considerable differences in slide displacement. 

Table 5.9 Infiltration Characteristics for 2015, 2016, and 2017 

Year 
Snowmelt 

Infiltration [m] 
Rainfall 

Infiltration [m] 
Total 

Infiltration [m] 

Average 0.581 0.190 0.771 

2015 0.538 0.102 0.640 

2016 0.615 0.142 0.757 

2017 0.754 0.147 0.902 

 

 
Figure 5.21 Activated length time series for 2017, as preceded by different years. 
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Table 5.10 Effect of Preceding Years on Activated Length During 2017 

Preceding Year 
Peak Activated 

Length [%] 
Duration of Activated 
Length > 80% [days] 

2015 84.0 18.3 

2016 85.9 26.7 

2017 86.9 32.1 

 

5.3.4 Summary of Effects of Multi-Year Infiltration Patterns 

Slope stability can be affected by infiltration in the previous year. Consecutive 

years of high infiltration can have a compounding effect, increasing the magnitude of 

seasonal pressure head rise, and result in less stability than single, isolated years of 

high infiltration. Likewise, consecutive years of low infiltration can suppress groundwater 

response to infiltration and increase slope stability in subsequent years. These effects 

may help explain why increased movement was not noted in single years of above 

average infiltration, such as 1984, 1993, 2003, 2014, and 2017. 

5.4 Effects of Previous Remediation Techniques 

Various remediation techniques have been applied to or proposed for the 

Straight Creek slide in the past. The effectiveness of applied techniques is evaluated 

here using the hydro-mechanical framework and knowledge of site hydrology and 

stability gained previously. 

5.4.1 Dendritic Underdrain System 

A shallow drain network was installed 2 m below the highway surface in 1973 in 

response to a bulge in the eastbound lanes, for which elevated groundwater pressure 

was identified as the main cause. The effect, if any, of this system was not recorded, 

and it was apparently destroyed and buried in 1979 during the process of widening I-70 

from four to six lanes. Downslope, slide-type movement was first detected in the mid-
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1970s, suggesting that this drain system was too shallow and too limited to alleviate 

pore pressure buildup along the failure surface. This system likely was effective in 

limiting pore pressure increase in the upper embankment, thus possibly preventing 

bulging of the highway surface; it can be characterized as a case of “treating the 

symptoms and not the disease.” 

5.4.2 Weight-Reducing Caissons 

The caissons were installed under the westbound lanes in 2011 and under the 

median and eastbound lanes in 2012 (Shannon & Wilson, 2012). They are 1.5 m in 

diameter, spaced 3 m on center in seven lines running parallel to the highway, and are 

6.1 m deep except under the middle and right westbound lanes where they are 3 m 

deep. The caissons were specified to be filled with lightweight concrete with a unit 

weight between 5.7 to 6.1 kN/m3 (36 to 39 PCF), in contrast to the estimated unit weight 

of 21.1 kN/m3 (134 PCF) for the embankment fill. The volume of all caissons accounts 

for approximately 1.2% of the total slide mass volume, and approximately 3.1% of the 

volume of the portion of the slide mass directly underneath the highway. This represents 

a weight reduction of 0.9% of the total slide mass and 2.2% of the portion of the slide 

mass directly underneath the highway. The intent behind the caisson design was to 

reduce the driving force, namely gravity, causing the slide, but the total change in slide 

mass was relatively modest. 

Not surprisingly, Phase II stability modeling did not find a strong effect on slope 

stability from the caissons. Calculated global FS values for groundwater levels 

representative of each season in the conceptual model are presented in Table 5.11, 

both with and without a weight reduction representative of the caissons. These results 
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were obtained using an extended version of the modified Bishop’s method of slices, 

which accounts for suction stress as per Lu and Godt (2012), in RocScience Slide 6.0.  

Table 5.11 Effect of Caissons on Seasonal Factor of Safety, from Thunder (2016) 

Season 
Global Factor of Safety 

No 
Caissons 

With 
Caissons 

Winter 1.05 1.06 

Spring 1.05 1.06 

Summer 0.95 0.95 

Fall 1.04 1.05 

 

The effect of the caissons, especially during the most critical summer season, is 

negligible in these calculations. This could be because of the small volume of the 

caissons relative to the slide mass and to the portion of the slide mass underneath the 

highway (which are the slices affected by the caissons in Bishop’s method); it could also 

be that while the gravitational driving force was reduced, so was the normal stress on 

the failure plane under the caissons. This would reduce the available frictional 

resistance to movement, and counteract the reduction in driving force. Direct shear 

testing performed on core samples of the decomposed gneiss, through which the 

majority of the failure surface passes, indicates that frictional resistance contributes the 

majority of this material’s strength, and it is therefore sensitive to changes in normal 

force. 

 The caissons could have had other, unexpected effects on the slope. They are 

not deep enough to intersect the failure surface, but they could lend structural rigidity to 

the fill underneath the highway by resisting deformation. They could have had an effect 

on any settlement or consolidation that was occurring, both by creating vertical stiffness 

and by reducing overburden driving consolidation in the embankment below the 
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caissons. This second effect is analogous to the removal of surcharge used for pre-

consolidation of soil under future heavy structures. The soil directly underneath the 

caissons would have seen a 14.1% change in vertical stress, possibly sufficient to 

reduce consolidation rate dramatically; due to the heterogeneity and spatial variability of 

the embankment fill, rigorous analyses of its consolidation behavior are unfortunately 

not possible without more extensive field investigation. Furthermore, inclinometer data 

clearly indicates a sliding failure that is sufficient to explain observed roadway 

subsidence; consolidation-caused subsidence is therefore most likely negligible at this 

point in the embankment’s existence, 45 years after its initial construction. 

5.4.3 Horizontal Toe Drains 

Due to the preliminary identification of elevated pore pressures as a driving factor 

behind the Straight Creek slide, horizontal drains were installed by Shannon & Wilson 

near the slide toe in 2012. 10 drains, consisting of 30.5 m (100 feet) of solid 3.8 cm (1.5 

inch) diameter PVC pipe and another 30.5 to 45.7 m (100 to 150 feet) of slotted PVC 

pipe, were installed in two fan-shaped groups of five drains inclined either 5° or 10° 

above horizontal. The approximate profile of the highest and longest drains on the slope 

cross-section, along with a typical profile of the peak groundwater table, is shown in 

Figure 5.22. Straight Creek coincides approximately with the right (south) boundary. 

The limitations of this installation are immediately evident: the screened section 

of the drain is mostly buried in the low-conductivity bedrock, and the drains are sited too 

low to intercept the critical buildup on pore pressures beneath and just upslope of the 

embankment. Toe drains can lower pressure heads at the bottom of a slope, thus 

creating a steeper hydraulic gradient and causing faster dissipation of pore pressures 
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higher on the slope; however, the low conductivity of the decomposed gneiss and 

embankment materials (one to two orders of magnitude lower than that of north slope 

materials) presents a limitation of this effect. 

Records of drain flow rates also indicate that their effect is limited; only five out of 

10 drains have ever been observed producing any flow at all (Thunder, 2016), and the 

highest combined flow rate of these five was approximately 26.5 m3/day (5 GPM). When 

distributed over the slide watershed area, this flow is equivalent to less than 0.1 mm of 

infiltration per day; this maximal value lasted less than a month and is two orders of 

magnitude less than the season-long average rate of snowmelt infiltration for that year. 

Drain flow rates have only been measured sporadically during site visits, so this data is 

incomplete. 

 
Figure 5.22 Approximate location of highest drain and peak groundwater level. The 

screened section of the drain is shown with perpendicular stripes. 

Regrettably, the CSM piezometers were installed after or less than a year before 

the drain installation, so it is impossible to quantitatively examine any difference the 

drains have made in the relationship between infiltration and groundwater levels. During 
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their 1996 investigation, Kumar & Associates did take GWT readings using open wells 

under the eastbound and westbound shoulders (Kumar, 1997). Records from this 

investigation are incomplete; data from individual readings are not available, and as 

Kumar & Associates did not place great emphasis on the importance of seasonal 

variation in groundwater levels the only results recorded are minimum and maximum 

values taken over a roughly two-year span at unspecified dates. 

Most of these readings seem to have occurred in June through August, and are 

therefore most likely to capture peak and near-peak values. These bounding values are 

shown in Figure 5.23 below as horizontal lines over the range of dates they were taken, 

with model results generated using infiltration data for the years over which Kumar & 

Associates collected data (1996 and 1997) for comparison. Model results are converted 

from pressure heads to groundwater table depth by subtracting the pressure heads from 

the node depth. The model used for this analysis incorporates explicitly modeled toe 

drains, as discussed later in this section, so that comparing model results with Kumar & 

Associates observations may illustrate the effect of the drains. 

It is difficult to draw any definitive conclusions from this comparison. The lower 

groundwater position observed by Kumar & Associates under the westbound shoulder 

has no obvious explanation other than a systematic bias caused by instrumentation 

differences; the location, depth, and type of measurement all differ from the CSM 

piezometers. However, considering only the difference in groundwater depth between 

the westbound and eastbound shoulders, the Kumar & Associates data indicates a 

flatter groundwater table than is both observed at the piezometers after drain installation 

and predicted by the model that has been calibrated to those piezometers. This could 
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indicate that the drains have been partially successful in lowering groundwater levels 

downslope from the embankment, and causing faster dissipation of elevated pore 

pressures beneath the eastbound shoulder and slide toe area. 

 
Figure 5.23 Groundwater table observations from Kumar & Associates, with simulated 

results from the same time period. 

Numerical modeling is used to further examine the potential effects of the 

horizontal toe drains. All numerical models up to this point do not explicitly model the 

drains; they are calibrated to match the pressure head data from the piezometers, all of 

which was collected after the drains were installed. This means that the models 

incorporate the effect of the drains without allowing for that effect to be isolated and 

studied. It is therefore necessary to add explicitly modeled drain elements to the model 

and recalibrate the model to again match piezometer data. 

The highest and longest drain profile is modeled, to ensure that the maximum 

possible effect on slope stability is identified. The slotted section of the drain is modeled 

as a soil material with hydrologic parameters chosen to replicate drain behavior (Table 
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4.2): to draw water from the surrounding materials as they approach saturation, and to 

allow that water to flow freely through the drain material. As the drains cross through 

multiple subsurface materials and are desired to not directly affect stability modeling, a 

different drain material was created for each subsurface material that the drains cross; 

hydrologic parameters are the same for all drain materials, and strength parameters are 

set equal to the surrounding material. 

At the intersection of the slotted and solid sections of the drain pipe, an internal 

opening is used to allow water to be removed from the model as if it were flowing 

through the solid section of the drain and being deposited near Straight Creek. This 

internal opening is assigned a “seepage face” boundary condition, which maintains a 

constant head of 0 m and removes any water that crosses it; the creators of HYDRUS 

2D recommend this boundary condition for most drainage boundaries (Šimůnek et al., 

2012). The geometry of the model with toe drains explicitly modeled is identical to 

Figure 5.22. The model is then recalibrated by adjusting material parameters and 

distribution (within previously discussed constraints) to recreate both the pressure head 

data from piezometers and drain flow rate measurements. 

Simulated pressure head values at the observation nodes corresponding to 

piezometers are shown in Figure 5.24, compared to the observed pressure head values 

from those piezometers. During calibration, replicating the peak pressure head at each 

node is considered to be the highest priority as this has the most substantial 

implications for slope stability. Minimum pressure head, timing of peak pressure head, 

and rate of pressure head increase and decrease are also considered, but the 

overlapping and complex effects of the calibrated properties limited the degree to which  
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Figure 5.24 Comparison of simulated pressure heads at observation nodes representing 

piezometers and observed data from those piezometers.
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these secondary metrics could be satisfied. Additionally, the pressure head behavior at 

the WB and EB nodes is prioritized over the North and Toe nodes, as these locations 

have a more important effect on slope stability. 

In general, this model replicates peak pressure head values well; a notable 

exception is in 2014, where the model simulates pressure heads under the westbound 

and eastbound shoulder that are substantially higher than observed pressure heads. No 

adjustment to material properties or distribution is able to reduce this disparity without 

adversely affecting model performance during other years; it seems likely that this 

disparity is due to differences in infiltration between the Grizzly Peak SNOTEL site, from 

which infiltration input data is derived, and the Straight Creek slide site.With the 

exception of the North node, results for minimum pressure head are also generally 

close to observed data. The disparity at the WB node during the winters of 2011-12 and 

2012-13 are notable exceptions; given the uncharacteristically abrupt changes in 

piezometer data during these periods, and the fact that observed pressure heads drop 

to 0 m, it is possible that these are due to desaturation of the piezometer tip or other 

instrument malfunction. 

Differences in the timing of peak pressure heads and in the rate of increase and 

decrease of pressure head are consistent. The infiltration input data is shifted two 

weeks earlier, a measure determined to be necessary during Phase II to account for 

differences in snowmelt timing between the Grizzly Peak SNOTEL site and Straight 

Creek slide site. The Straight Creek site is less forested, closer to a major roadway, and 

more directly south-facing than the Grizzly Peak site, all factors that accelerate 

snowmelt. This is of course only an approximate way of the dealing with differences in 
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infiltration between the two sites, and those differences may explain much of the 

disparity in the timing of hydrologic behavior between the model results and piezometer 

data. Macroporosity or preferential flow paths, evapotranspiration, and three-

dimensional flow patterns, which are not considered in this study, may also cause some 

of this disparity. 

Comparison of simulated versus measured flow from the drains requires the 

conversion of two-dimensional model output into a three-dimensional flux estimate. This 

is done by multiplying two-dimensional flows by the approximate width of the slide (150 

m), so that the two-dimensional model can be considered representative of behavior 

distributed over the entire slide. The simulated drain can therefore be considered an 

effective approximation of the drain network, as distributed over the entire slide. 

Comparing simulated and observed flow rates poses considerable difficulties; the 

simulated behavior is substantially “spikier” than observed data, with no flow for most of 

the year and peak rates higher than any observed. While the peak simulated rate can 

be calibrated by changing drain material properties and the internal opening location or 

boundary condition, the timing of simulated drain outflow could not; when the peak rate 

matches observed data, the simulated drain only produces flow for a few days. This 

results in a cumulative drain flux that is far too small. Cumulative drain flux is therefore 

used as the calibration measure instead of instantaneous flux, as the total amount of 

water removed by the drains is more relevant to hydrologic behavior and slope stability 

than instantaneous drainage rate. However, this assumption introduces additional 

limitations from the scarcity of observed data; only two years, 2013 and 2015, have 

enough observations to approximate cumulative flow by integrating rate over time. 
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The simulated results match observed data well in 2015, and poorly in 2013 

(Figure 5.25). 2013 experienced considerably more infiltration than 2015 (Figure 5.3); 

as the simulated results reflect this and the observations do not, it seems likely that the 

flow rate measurements missed a peak in 2013 and that the calculated cumulative flux 

is an underestimate. There is a 3.5-month gap in drain flux measurements in 2013 from 

mid-March to late June, which corresponds to the timing of the observed peak in 2015. 

Based on 2015, the one year of data that is likely to be free from substantial gaps, the 

model appears to adequately capture annual cumulative drain fluxes. 

 
Figure 5.25 Observed and simulated cumulative drain flux. 

Model results for annual peak drain fluxes and cumulative drain flux amounts can 

also be correlated to various hydrologic metrics to characterize the reasonableness of 

simulated drain behavior. Three of these correlations are presented in Figure 5.26: peak 

simulated flux correlated to cumulative infiltration, peak base flow from the USGS 

stream gage, and observed peak pressure head at the EB piezometer. These 

correlations suggest that the variability in simulated peak drain fluxes is reasonable, and 
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as simulated peak flux is directly proportional to simulated cumulative flux it is 

reasonable to assume that simulated drain behavior is broadly representative of actual 

drain behavior. 

As a final check on the reasonableness of simulated drain behavior, the Hazen-

Williams (1905) formula is used to calculate the maximum flow capacity for the five 

active drain pipes. Using a roughness coefficient typical for PVC (150, dimensionless; 

Larock et al., 1940), the maximum capacity of five pipes is calculated as 1307 m3/day, 

nearly three times greater than the maximum simulated flux rate of 475 m3/day and 

almost 50 times greater than the maximum measured flow. 

 
Figure 5.26 Correlations between simulated peak drain fluxes and various hydrologic 
measurements: cumulative infiltration (left), peak base flow from USGS stream gage 

(middle), and peak pressure head at the EB piezometer (right). 

Once the performance of the model including explicitly modeled drains is 

validated, the effect of those drains can be evaluated by removing them without 

changing any other part of the model. The same time period is modeled with identical 

infiltration inputs, so that the model without the drains simulates what the site hydrologic 

response during these years could have been had the drains not been installed. 
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The observed pressure head time series in the EB and Toe piezometers is 

presented in Figure 5.27 with the corresponding simulated pressure heads at 

observation nodes for the model with and without drains. Since the modeled drains 

have essentially no effect at all on the WB and North nodes, those results are not 

presented. 

The effect at the EB node is a slight lowering of pressure heads at all times; the 

difference is approximately 0.2 m. Compared to a typical peak value of about 8 m and 

typical winter-summer differential of 5 m, this is a small but not necessarily unimportant 

difference. The effect at the Toe node is more pronounced; the removal of the modeled 

drains increases peak pressure heads by about 0.5 m for years of average infiltration 

(2013, 2015 through 2017) and almost 2 m for 2011, a year of particularly high 

infiltration. These differences are substantial relative to a typical peak value of 4 m and 

typical winter-summer differential of 2.3 m. The toe drains act as a cap on pressure 

heads above 4 m at this node; above this level, any additional groundwater is removed 

by the drain. Winter-season and transitional values are also lower with the drains than 

without. 

Slope Cube results indicate that the drains’ effect on hydrology also has an effect 

on slope stability, as expected. LFS contour plots of the model with and without toe 

drains at the same model time step show this effect (Figure 5.28). This time step 

corresponds roughly to July 30, 2011, the least stable point in time for the modeled 

period (2011 through 2018, the period of piezometer data availability). The main  

difference is in the area directly above and below the drains, where the lower pore 

pressures enforced by the drains create a gap in the otherwise continuous band of  
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Figure 5.27 Observed and simulated (with and without toe drains) pressure heads at the EB and Toe nodes.
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Figure 5.28 LFS contour plots, from a time step corresponding to 7/30/2011, the least 

stable point in 2011, for the model (a) without and (b) with horizontal toe drains. 
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LFS this point in time, although the width of the band of LFS < 1 is also reduced by the 

drains in the toe area. 

To track changes in LFS distribution through time, the activated length is 

calculated at various points in time and used to create a time series. The period of 2011 

through 2013 is presented, as it includes a year of high infiltration (2011), low infiltration 

(2012), and average infiltration (2013). Activated length is calculated at the same points 

in time for the model with and without drains, and is presented in Figure 5.29 with the 

applied cumulative infiltration also shown. 

 
Figure 5.29 Activated length time series with and without drains, 2011 through 2013. 

The drains reduce activated length at all times, though by varying amounts. At 

the peak of 2011 and 2013, activated length is reduced only by about 2%, as shown in 

the small gap in Figure 5.28. This may somewhat understate the effect of the drains, as 

it only accounts for the gap in the continuous band of LFS < 1 along the main failure 

surface. The effect of the drains is more pronounced during winter seasons and during 



100 

 

2012, when the lower pressure heads produced by the drains are more effective in 

accelerating downslope flow. 

To separate the effect of the toe drains from atmospheric variability, all years of 

available SNOTEL infiltration data are modeled with and without toe drains and the 

peak activated length for each year calculated (Figure 5.30). The effect on activated 

length from hydrologic variability appears to be more important than the effect of the toe 

drains; hydrologic variability can cause a difference in activated length of up to 35%, 

whereas the toe drains can only cause a difference of 3.8% or, more typically, 2%. If an 

activated length of 92%, which is the lowest activated length for a year of known 

movement (1986 and 2009), is used as threshold for higher-than-usual slide movement, 

the combination of hydrologic variability and the toe drains may be sufficient to explain 

the lack of substantial movement since 2012. Only one year (2014) has a peak 

activated length above 92% when modeled with the toe drains, and that peak activated 

length is only 1.4% above this threshold. If the model is slightly underestimating the 

drains’ effect on embankment stability, the combination of toe drains and hydrologic 

variability could completely explain the reduced movement rate. 

However, it is clear that a year of particularly destabilizing infiltration 

characteristics (above average annual cumulative snowmelt infiltration occurring at a 

higher than average rate), such as 1984, 1996, or 2011, can still produce an activated 

length above the 92% threshold even with the toe drains installed. It is therefore 

possible that the embankment will experience substantial movement within the next 

decade, if the historical frequency of these years holds true. 



101 

 

 
Figure 5.30 Annual peak activated length for every year of infiltration data availability 

(1984 through 2017) for the model with and without toe drains. Horizontal line shows the 
lowest activated length for a year of known movement (1986 and 2009). 

A conventional global factor of safety analysis using Bishop’s modified method 

slices also indicates a modest improvement in stability from the toe drains. Groundwater 

positions for the least stable points in 2011 (July 30) and 2013 (August 30), as modeled 

in HYDRUS 2D, are used for pore pressure calculations, and a uniform suction stress of 

-5 kPa (based on model results) is assumed for segments of the failure surface above 

the groundwater table. For slice geometry and calculation tables, see Appendix C. 

Without toe drains, this analysis calculates a global FS of 0.96 for 2011 and 1.13 for 

2013; with toe drains, the FS improves to 0.97 and 1.16, respectively. Again, for a year 

that is just unstable enough to see substantial movement, the toe drains may be 

effective enough to increase stability; however, for a year of particularly high instability 

these drains most likely will not be effective in preventing movement.  
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There remains great deal of uncertainty about the degree of the toe drains’ effect, 

mostly due to the uncertainty about how much water they are actually removing from 

the slide site. More-frequent collection of drain flow rates may help resolve this 

uncertainty. It is also possible that drain performance has changed since installation, 

due to the development of preferential flow paths towards or away from the drains, 

clogging of the drain filter material, or slide movement causing pinching or crack of the 

drain pipes; continued, frequent measurement of drain flow rates is the most promising 

way to reduce the uncertainty in drain effectiveness. 

5.4.4 Summary of Effects of Previous Remediation Techniques 

Thus far, installations of general-purpose remediation designs have been 

partially effective at the Straight Creek site. The weight-reducing caissons likely did not 

achieve their intended effect of reducing slide movement, but may have decreased 

roadway subsidence by increasing the vertical stiffness of the embankment. Numerical 

modeling and field observation indicate that the horizontal toe drains did not alleviate 

the most critical areas of pore pressure increase, but likely did contribute to slide 

movement reduction by reducing pore pressures near the slide toe and increasing 

stability in that limited area. 

The observed reduction in slide movement since 2012 is likely only partially 

related to these remediation projects. The lack of consecutive years of above average 

infiltration, or even single years with especially high infiltration, in this period is possibly 

an important causal factor. It is likely that other multi-year periods of lower infiltration 

also experienced reduced slide movement, but those went unrecognized due to informal 
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and haphazard records of slide movement, and that future periods of above average 

infiltration will experience increased movement. 

5.5 Proposed North Slope Drains 

While the existing toe drains have likely improved the site drainage and stability, 

the insights gained through the three phases of CSM’s investigation indicate that a 

remediation approach targeting the primary driver of slope movement could have a 

greater impact. The hydrology of the Straight Creek slide creates a very specific failure 

mechanism, which can be specifically addressed to maximize the impact of remediation 

work. 

5.5.1 Motivation and Design 

The main cause of the Straight Creek slide is the infiltration of snowmelt on the 

northern slope above the highway, which flows rapidly downslope until it hits the sharp 

contrast in hydraulic conductivity created by the decomposed gneiss and embankment 

material. The resulting spike in pore pressures directly causes the seasonal loss of 

stability that has led to recurring slide movement over the majority of the embankment’s 

service life. The toe drains have helped by reducing pore pressures at the slide toe, 

improving stability in that limited area of the slide and allowing pore pressures beneath 

the embankment to dissipate slightly faster. However, if the backup of groundwater 

could be prevented from happening in the first place, the slide could be dramatically 

stabilized. 

One feasible approach to achieve this is to install a similar drain system in the 

north slope, above the westbound shoulder of I-70 (Figure 5.31). A limiting factor on the 

location of the toe drain system was drill rig access; installing the drains any higher up 
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would have required getting a rig up the increasingly steep, topographically rugged 

slope, which is covered in loose talus and colluvium and closely spaced trees. Drains 

extending into the north slope could be drilled from the 11 m wide, flat, paved 

westbound shoulder, with easy access for machinery, supplies, and personnel. 

 
Figure 5.31 Plan of proposed north slope drain system; drain elements are shown in 

red, Straight Creek in blue, and approximate slide site watershed extents in cyan. 

The preliminary design considered here consists of 12 drains in four fanned 

groups of three spaced at even intervals of about 50 m along the side of I-70, projecting 

perpendicularly from the highway at a pitch of 10°. The drains would consist of the same 

PVC pipe as the toe drains, extending the same distance (70 m) past the surface. 

Modeling of these drains suggests that a longer slotted section is desirable, with only 

the final 15 m consisting of solid pipe; this would allow for as much water to be removed 

from the shallow subsurface as possible. The drains would empty into a culvert running 

parallel to the westbound shoulder to carry water downslope to the lined Harrison Gulch 
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culvert approximately 680 m to the west, which already runs underneath the highway 

towards Straight Creek. 

5.5.2 Evaluation of Potential Impact 

A similar drain modeling approach is used, as the proposed drain design is 

similar to the existing drains; instead of ending in an internal opening with a seepage 

face boundary, the drain material is extended all the way to the surface and assigned a 

constant head boundary of -3 m. While this is not a physically realistic head condition, it 

replicates field conditions by allowing water in the drain material to be removed from the 

model. Unlike the internal opening where the toe drain material terminates, the area 

where the north slope drain material terminates does not become saturated under any 

modeled conditions; if a seepage face boundary condition is used, the water in the drain 

material flows to the surface but cannot be removed as it does not reach a pressure 

head of 0 m. Before that point is reached the water flows out of the drain material into 

the embankment material, so that the north slope drains increase pore pressures at the 

WB node by transporting water rapidly from deep in the north slope and then releasing it 

back into the subsurface right above the WB node. This is not an accurate analog to 

actual drain behavior. Another modeling approach attempted was creating a thin layer 

of impermeable material underneath the drain material in the area that would consist of 

solid drain pipe; however, this increased complexity in model geometry did not result in 

numerical convergence of the model. Figure 5.32 shows the geometry of Phase III 

modeling of the north slope drains. 

The effect of this hypothetical drain system on pressure heads at the observation 

nodes is shown in Figure 5.33, with the observed piezometer data and simulated 
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pressure heads from the Phase III model with and without toe drains for comparison. 

These drains affect peak pressure heads, which are lowered by about 0.75 m at the 

North node, 5 m at the WB node, 4 m at the EB node, and 2 m at the Toe node. The 

WB node is the most strongly affected, as it is the closest to the north slope drains. 

Pressure head peaks at this node are reduced the most, and their shape is also 

substantially affected; elevated pore pressures dissipate faster. In 2011, which had the 

second-highest cumulative infiltration of any year since 1984, pressure head at the WB 

node does still increase notably (peak value 14 m, versus 20 m without the north slope 

drains); this seems to indicate that the extremely high infiltration is exceeding the 

capacity of the drain material. However, the highest simulated flux from the north slope 

drain boundary is only 650 m3/day, which is well below the full-pipe capacity of 10 

drains as calculated earlier; the performance of the north slope drains may in fact be 

underestimated by the model. 

 
Figure 5.32 Detail of geometry of Phase III model with north slope drains. 
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Figure 5.33 Observed and simulated pressure heads at the observation nodes, for 

models with and without toe drains and north slope drains
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The effect on simulated stability is even more dramatic than the effect on 

hydrology. LFS contour plots for the model with only toe drains and the model with toe 

drains and north slope drains are given in Figure 5.34, at the model time corresponding 

to the point of maximum instability within 2011 through 2017. The band of LFS < 1 is 

thinner and discontinuous along the upslope side of the embankment, and dramatically 

reduced beneath the embankment. This is also an extreme outlier for the north slope 

drain model; for a more representative comparison, LFS contour plots for the point of 

maximum instability in 2013, a year of average infiltration, are presented in Figure 5.35. 

The results for the model with only toe drains indicate a moderate, progressive 

failure, with an activated length of 87%; this corresponds to the small but steady 

seasonal displacement observed during this year by the inclinometers. The results for 

the model with north slope drains is barely different from the most stable, winter-season 

condition, with an activated length of 51%; movement is highly unlikely to occur at all. 

Activated length over the 2011 through 2013 period is presented in Figure 5.36 

along with results for the model with and without toe drains. The spike in activated 

length for the north slope drain model during 2011 is substantial, but still only reaches a 

peak value of 91.4%. The activated length also recedes more quickly; it exceeds 80%, 

considered the threshold for progressive failure, for less than half as long as the model 

with only toe drains. Again, this may represent an underestimation of the effect of north 

slope drains. The activated length for 2012 and 2013, years of minimum and average 

infiltration respectively, barely changes from winter-time levels. The peak activated 

length for 2013 is 50.9% for the model with north slope drains, which is barely higher 

than the activated length at most stable point for the model with only toe drains (45.6%). 
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Figure 5.34 LFS contour plots, from a time step corresponding to 7/30/2011, the least 
stable point in 2011, for the model (a) with only toe drains and (b) with both toe drains 

and north slope drains.  

 
Figure 5.35 LFS contour plots, from a time step corresponding to 8/30/2013, the least 
stable point in 2013, for the model (a) with only toe drains and (b) with both toe drains 

and north slope drains. 
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Figure 5.36 Activated length time series with and without toe and north slope drains, 

2011 through 2013. 

Peak activated lengths calculated over the period of available infiltration data 

illustrate that the effect of the north slope drains could result in a substantial 

improvement in stability (Figure 5.37). No year modeled with the north slope drains has 

a peak activated length above the 92% threshold, the lowest peak activated length for a 

year of known increased movement. The toe drains reduced peak activated length by 

an average value of 2% of the maximum when compared to the model without any 

drains; the north slope drains reduce peak activated length by an average value of 23% 

of the maximum when compared to the toe drains, a more substantial improvement in 

predicted stability. 

Conventional global FS analyses using Bishop’s modified method of slices also 

indicate that the north slope drains could be more effective than past remediation 

techniques. Groundwater positions for the least stable points in 2011 (July 30) and 2013 

(August 30), as modeled in HYDRUS 2D, are used for pore pressure calculations, and a 

uniform suction stress of -5 kPa (based on model results) is assumed for segments of 
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the failure surface above the groundwater table. For slice geometry and calculation 

tables, see Appendix C. For the least stable point in 2011, the global FS is equal to 0.96 

without any drains, 0.97 with toe drains, and 1.09 with toe drains and north slope drains, 

indicating that the north slope drains could stabilize the embankment even in a year of 

maximal infiltration. For the least stable point in 2013, the global FS is equal to 1.13 

without any drains, 1.16 with toe drains, and 1.25 with north slope drains; this indicates 

that the north slope drains could eliminate progressive failure and small slide 

movements in years of average infiltration. 

 
Figure 5.37 Peak activated length for every year of infiltration data availability (1984 

through 2017) for model with no drains, toe drains, and north slope drains. Horizontal 
line shows the lowest activated length for a year of known movement (1986 and 2009). 

Future models using HYDRUS 3D may be able to provide better insight into drain 

performance or refine drain system design; however, it is clear that the proposed north 

slope drains have the potential to substantially change the stability of the Straight Creek 

slide, possibly even eliminating slide movement altogether. They could accomplish this 
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for a fraction of the cost that has already been spent on remediation for this site, 

eliminate the expenditure on annual asphalt capping operations that are currently 

necessary to maintain roadway serviceability, and not require any traffic lane closures. 
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CHAPTER 6  

SUMMARY and CONCLUSIONS 

Infiltration-induced landslides are common hazards around the world, with 

frequent and substantial fatalities and economic losses. They are triggered by changes 

in subsurface hydrologic conditions during infiltration; it is increasingly acknowledged 

that this can include changes in matric suction in the unsaturated zone, not just 

increased positive pore pressures in the saturated zone (Lu and Godt, 2008, Godt et al., 

2012, and Godt et al., 2009). Anthropogenic global climate change is widely understood 

to increase the severity and frequency of intense atmospheric events in at least some 

regions of the world (Trenberth, 2011), which can be expected to increase the 

occurrence and impact of infiltration-induced landslides. Understanding the triggering 

mechanisms of these slides and developing science-based best practices for 

remediating them will therefore only increase in urgency in the coming decades. 

Since 2010, CSM has conducted a continuous investigation of the infiltration-

induced Straight Creek landslide in partnership with CDOT and USGS-LHP. This 

investigation has provided valuable insights into the particular subsurface stratigraphy 

and watershed hydrology that have led to instability at this site for four and half 

decades, while also adding to the body of general knowledge on infiltration-induced 

landslides and the effects of changes in the unsaturated zone on slope stability. This 

thesis presents the findings of Phase III of that investigation, which seeks to refine and 

extend the stability analyses by using LFS methodology to study failure surface 

geometry and the spatiotemporal evolution of slope failure, to characterize the slide’s 
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sensitivity to single- and multi-year variability in infiltration; to assess the impact of past 

remediation projects; and to propose and evaluate a new, more targeted remediation 

design. 

Based on the findings in this thesis, the following conclusions can be drawn: 

 The Straight Creek slide failure surface likely extends father upslope than 

previously thought, intersecting the highway surface somewhere within 

the westbound shoulder instead of in the median. This is supported by 

inclinometer data, pavement depth, pavement crack patterns, and 

numerical modeling. 

 Of the atmospheric variables studied, annual cumulative snowmelt 

infiltration is by far the most important single-year factor in the level of 

slide activation, and is likely sufficient to determine whether or not the 

slide will move and by how much in a given year. 

 The rate at which snowmelt occurs also has a substantial effect on 

stability, although less so than the total amount of snowmelt. A faster rate 

of snowmelt exacerbates the seasonal increase in pressure head beneath 

the embankment, which is the cause of instability. All other single-year 

factors, such as summer season rainfall infiltration, are essentially 

negligible by comparison to cumulative annual snowmelt and snowmelt 

rate. 

 Slope stability can be affected by infiltration in the previous year. 

Consecutive years of high infiltration can have a compounding effect, 

increasing the magnitude of seasonal pressure head rise, and result in 
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less stability than single, isolated years of high infiltration. Likewise, 

consecutive years of low infiltration can suppress groundwater response 

to infiltration and increase slope stability in subsequent years. 

 Thus far, installations of general-purpose remediation designs have been 

partially effective at the Straight Creek site. Weight-reducing caissons in 

the embankment likely did not achieve their intended effect of reducing 

slide movement, as conventional stability analyses show no improvement 

in global FS from the caissons, but possibly could have decreased 

roadway subsidence by increasing the vertical stiffness of the 

embankment. Numerical modeling and field observation indicate that 

horizontal drains installed near the slide toe did not alleviate the most 

critical areas of pore pressure increase, but likely did contribute to slide 

movement reduction by reducing pore pressures near the slide toe and 

increasing stability in that limited area. Conventional stability analyses 

indicate an improvement in global FS by 0.01 for years of maximal 

infiltration, and 0.03 for years of average infiltration. 

 The observed reduction in slide movement since 2012 is likely only 

partially related to these remediation projects. The lack of consecutive 

years of above average infiltration, or even single years with especially 

high infiltration, in this period is possibly an important causal factor. It is 

likely that other multi-year periods of lower infiltration also experienced 

reduced slide movement, but those went unrecognized due to informal 

and haphazard records of slide movement. 
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 The data gathering and analysis performed during the three phases of the 

current investigation by CDOT, CSM, and USGS-LHP can be used to 

guide a more targeted, effective, and economical remediation design 

consisting of a drain network installed in the slope above the highway 

embankment. Modeling results indicate that this system would have a 

more efficient impact than the toe drains, lowering peak pressure heads 

beneath the embankment by 4 m or more and improving global FS by 

approximately 0.13 in years of maximal infiltration. This design could 

substantially reduce instability, even potentially prevent any future 

movement, and would likely cost less than previous remediation 

techniques due to the ease of access for installation. 

 Substantial uncertainty remains regarding the exact cause of the reduced 

rate of movement beginning in 2012, and whether it will continue in the 

future, as well as regarding three-dimensional flow patterns. Continued 

monitoring is essential to resolving these uncertainties. 

The findings of Phase III of this investigation, presented in this thesis, show that 

the seasonal movement of the Straight Creek slide is not constant, but changes with 

single- and multi-year infiltration patterns. The reduction in movement since 2012 may 

be caused by this relationship as much as by the remediation work conducted that year, 

making a future increase in movement possible. A cost-effective remediation design 

guided by this investigation and tailored to this specific site has the potential to have a 

dramatic effect on slope stability, and could serve as a model for other dangerous and 

expensive unstable slopes.   
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APPENDIX A 

CSM BOREHOLE LOGS 
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APPENDIX B 

FIELD INSTRUMENTATION 

Equipment: 2 Campbell Scientific CR10X dataloggers 

  2 Campbell Scientific AVW200 vibrating wire analyzers 

  1 Campbell Scientific AM16/32B multiplexer 

  8 Geokon 4500S vibrating wire piezometers 

 
Figure B.1 Datalogger setup; eastbound (left) and westbound (right). 

 

Software: PC200W (datalogger communication) 

  Loggernet (datalogger programming) 
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Installation: 

1) Piezometers calibrated in laboratory by saturating filter tip, taking readings at known 

atmospheric pressure and temperature, and back-calculating polynomials as per 

Geokon 4500S manual (Geokon, 2018) and Thunder (2016). 

Pressure calculation: 

 P = AD2 + BD + C + K(Ti − T0)    (B.1) 

where A, B, and K are factory-supplied coefficients and C is back-calculated from the 

zero reading taken during laboratory calibration, D is the piezometer reading in digits: 

 D = Hz2

1000
          (B.2) 

T0 is the temperature in °C during zero reading, and Ti is the current temperature in °C 

calculated from piezometer thermistor resistance, R, as 

T i  =  1

1.4051 ×10-3 + 2.369 ×10-4 lnR+(1.1019×10-7)(lnR)3
− 273.2          (B.3) 

Table B.1 Piezometer Calibration Factors 

Piezometer 
A 

[kPa·digit-2] 
B 

[kPa·digit-1] 
K 

[kPa/°C] 

Temperature 
at Zero 

Reading [°C] 

Zero 
Reading 
[digits] 

C 
[kPa] 

WB 1.38E-07 -0.0963 0.0443 16.1 9277.5 881.545 

Toe -8.73E-08 -0.1049 0.0853 3.7 9231.7 975.845 

EB 8.61E-08 -0.0969 -0.0755 7.9 9370.2 900.414 

North -3.34E-07 -0.106 -0.04498 4.6 9124.1 994.960 

WB-East -2.50E-07 -0.1069 0.01486 21.7 8895.9 970.764 

WB-West -2.83E-07 -0.0985 0.07024 20.6 8944.3 903.181 

North-East -2.51E-07 -0.1153 0.01486 20.6 9255.6 1088.629 

North-West -1.04E-07 -0.1147 -0.04159 21.0 9156.7 1058.982 
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2) Following completion of borehole drilling, 1.5” diameter PVC pipe casing installed to 

bottom. Lowest 20’ are screened, all else solid. 

3) Field calibration performed by taking a reading at an arbitrary depth below the 

groundwater table, lowering piezometer by a known distance, and checking calculated 

pressure head difference. Piezometers installed tip facing upwards to prevent air bubble 

entrapment. 

4) Inside and outside of PVC casing, borehole backfilled with clean sand for 20’, 

bentonite for 10’, clean sand to approximately 10’ from the ground surface, and a final 

bentonite cap. This backfilling is intended to allow full hydraulic connectivity between the 

piezometer and surrounding groundwater, without causing the borehole to act as a 

preferential flow path and increase recorded pressure heads. 

5) Piezometer cable spliced as necessary and run through flexible aluminum conduit for 

protection from animals, falling branches, movement of surficial materials, etc. 

Eastbound datalogger program (2 piezometers): 

};CR10X 

;AVW200_2VWs_EB.dld 

;$ 

;:Freq_WB :T_ohm_WB:Amp_WB  :Freq_North  :T_ohm_North  

;:Amp_North   :Freq_Hz_t:T_koh_WB:Freq_sq_t:Digit_WB 

;:Freq_Hz_E:T_koh_North :Freq_sq_E:Digit_North :_________ 

;:Year_1   :Day      :Hour     :Min      :Sec       

;:_________:VW_EB     

;$ 
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;% 

;Final Storage Label File for:  AVW200_2VWs.csi 

;Date:  10/3/2012 

;Time:  18:51:52 

; 

;1 Output_Table 3600.00 Sec 

;1 1 L 

;2 Year_RTM  L 

;3 Day_RTM  L 

;4 Hour_Minute_RTM  L 

;5 Seconds_RTM  L 

;6 Amp_WB  H 

;7 Freq_Hz_W  H 

;8 T_koh_WB  H 

;9 Digit_WB  H 

;10 Amp_North  H 

;11 Freq_Hz_N  H 

;12 T_koh_North  H 

;13 Digit_North  H 

; 

; 

;Estimated Total Final Storage Locations used per day 504 

;% 

 

MODE 1 

SCAN RATE 3600 

 

1:P18 

1:3 
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2:0000 

3:16 

 

2:P22 

1:1 

2:0000 

3:10 

4:0000 

 

3:P105 

1:1 

2:0 

3:1 

4:1 

5:1.0 

6:0.0 

 

4:P31 

1:1 

2:7 

 

5:P31 

1:2 

2:8 

 

6:P36 

1:1 

2:1 

3:9 
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7:P37 

1:9 

2:0.001 

3:10 

 

8:P31 

1:4 

2:11 

 

9:P31 

1:5 

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 
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2:0001 

 

14:P77 

1:1111 

 

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 
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1:1 

2:11 

 

22:P70 

1:1 

2:12 

 

23:P70 

1:1 

2:14 

 

 

MODE 2 

SCAN RATE 0 

 

 

MODE 3 

 

MODE 10 

1:32 

2:64 

3:0 

 

 

MODE 12 

1:0000 

2:0000 

3:0000 
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Westbound datalogger program (6 piezometers with multiplexer): 

};CR10X 

;NEW WB PROGRAM 2 HR.dld 

;$ 

;:Freq_1   :Freq_2   :Freq_3   :Freq_4   :Freq_5    

;:Freq_6   :Amp_1    :Amp_2    :Amp_3    :Amp_4     

;:Amp_5    :Amp_6    :TRes_1   :TRes_2   :TRes_3    

;:TRes_4   :TRes_5   :TRes_6   :Digit_1  :Digit_2   

;:Digit_3  :Digit_4  :Digit_5  :Digit_6   

;$ 

 

;% 

;Final Storage Label File for:  NEW WB PROGRAM 2 HR.csi 

;Date:  10/11/2017 

;Time:  11:59:39 

; 

;113 Output_Table 7200.00 Sec 

;1 113 L 

;2 Year_RTM  H 

;3 Day_RTM  H 

;4 Hour_Minute_RTM  H 

;5 Seconds_RTM  H 

;6 Freq_1  H 

;7 Freq_2  H 

;8 Freq_3  H 

;9 Freq_4  H 

;10 Freq_5  H 

;11 Freq_6  H 

;12 Amp_1  H 
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;13 Amp_2  H 

;14 Amp_3  H 

;15 Amp_4  H 

;16 Amp_5  H 

;17 Amp_6  H 

;18 TRes_1  H 

;19 TRes_2  H 

;20 TRes_3  H 

;21 TRes_4  H 

;22 TRes_5  H 

;23 TRes_6  H 

;24 Digit_1  H 

;25 Digit_2  H 

;26 Digit_3  H 

;27 Digit_4  H 

;28 Digit_5  H 

;29 Digit_6  H 

; 

; 

;Estimated Total Final Storage Locations used per day 696 

;% 

 

MODE 1 

SCAN RATE 7200 

 

1:P86 

1:42 

 

2:P87 
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1:0000 

2:6 

 

3:P86 

1:73 

 

4:P22 

1:1 

2:0000 

3:10 

4:0000 

 

5:P105 

1:1 

2:1 

3:1 

4:19 

5:1.0 

6:0.0 

 

6:P31 

1:19 

2:1-- 

 

7:P31 

1:20 

2:7-- 

 

8:P31 
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1:24 

2:13-- 

 

9:P36 

1:1 

2:1 

3:19 

 

10:P37 

1:19 

2:0.001 

3:19 

 

11:P95 

 

12:P86 

1:52 

 

13:P86 

1:10 

 

14:P78 

1:1 

 

15:P77 

1:1111 

 

16:P70 

1:24 
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2:1 

 

 

MODE 2 

SCAN RATE 0.0000 

 

 

MODE 3 

 

MODE 10 

1:36 

2:64 

3:0 

 

 

MODE 12 

1:0000 

2:0000 

3:0000 
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APPENDIX C 

METHOD OF SLICES CALCULATIONS 

 

Figure C.1 Slice geometry 

 

 

Table C.1 Material Parameters for Method of Slices 

 Embankment 
Fill 

Decomposed 
Gneiss 

Colluvium 

γ [kN/m3] 21 20 22 

c [kPa] 25 0 0 

φ’ [°] 30 25 30 
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Table C.2 Slice Weight Calculations 

Slice 
Area, 

Embankment 
Fill [m2] 

Area, 
Decomposed 
Gneiss [m2] 

Area, 
Colluvium 

[m2] 

W, 
Embankment 

Fill [kN/m] 

W, 
Decomposed 

Gneiss 
[kN/m] 

W, 
Colluvium 

[kN/m] 

W, 
Total 

[kN/m] 

1 47.5   997.7 0.0 0.0 997.7 

2 52.7 4.2  1105.9 84.4 0.0 1190.3 

3 163.5 21.2  3434.9 424.9 0.0 3859.8 

4 198.9 22.8  4178.2 455.4 0.0 4633.6 

5 234.2 25.8  4918.0 516.1 0.0 5434.0 

6 260.0 30.5  5460.6 609.8 0.0 6070.4 

7 223.6 35.9  4696.3 718.0 0.0 5414.4 

8 182.7 40.8 1.2 3837.1 816.5 25.7 4679.3 

9 139.3 40.4 14.6 2924.7 807.7 320.8 4053.2 

10 94.9 36.3 31.9 1994.2 726.6 702.3 3423.1 

11 60.2 28.5 50.7 1263.4 569.6 1115.6 2948.5 

12 27.4 17.9 68.3 574.6 358.9 1501.8 2435.3 

13 1.8 5.3 51.7 38.5 106.3 1136.8 1281.6 

14   61.1 0.0 0.0 1344.1 1344.1 

 

� = cos �� + tan �′ ∙��� �����           (C.1) 
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Table C.3 Method of Slices Calculation for 2011, No Drains 
        FSs = 0.96    

1 2 3 4 5 6 7 8 9 10 
Driving 
force 

12 Resistance 

Slice # Wn hn n
s n bn unbn c'bn unbntan' Wntan' Wnsinn I (8+10-9)/12 

Unit (kN/m) (m) (kPa/m) (°) (m) (kN/m) (kN/m) (kN/m) (kN/m) (kN/m) (Eq. C.1) (kN/m) 

1 997.67 8.6146 84.51 68 6.07 513.32 151.85 296.36 576.00 925.02 0.93 462.86 

2 1190.26 14.5095 142.34 39 3.93 558.81 0.00 260.58 555.03 749.06 1.08 271.93 

3 3859.82 17.603 172.69 19 10.00 1726.85 0.00 805.25 1799.86 1256.64 1.10 901.20 

4 4633.56 16.6438 163.28 22 10.00 1632.76 0.00 761.37 2160.66 1735.76 1.11 1261.60 

5 5434.04 14.7373 144.57 21 10.00 1445.73 0.00 674.15 2533.94 1947.39 1.11 1679.03 

6 6070.42 12.6376 123.97 22 10.00 1239.75 0.00 578.10 2830.68 2274.02 1.11 2030.92 

7 5414.35 10.6801 104.77 22 10.00 1047.72 0.00 488.56 2524.75 2028.25 1.11 1835.82 

8 4679.32 7.4621 73.20 22 10.00 732.03 0.00 341.35 2182.00 1752.90 1.11 1659.52 

9 4053.22 4.7155 46.26 21 10.00 462.59 0.00 215.71 1890.05 1452.54 1.11 1511.61 

10 3423.15 4.4846 43.99 20 10.00 439.94 0.00 205.15 1596.24 1170.79 1.11 1257.97 

11 2948.53 3.8675 37.94 19 10.00 379.40 0.00 176.92 1374.92 959.95 1.10 1085.48 

12 2435.31 3.4068 33.42 14 10.00 334.21 0.00 155.84 1135.60 589.15 1.09 900.67 

13 1281.60 2.5139 24.66 6 7.00 172.52 0.00 80.45 597.62 133.96 1.05 494.76 

14 1344.12 -1.0954 -5.00 -2 16.39 -81.97 0.00 -47.327 776.03 -46.91 0.98 841.53 

          16928.52  16194.91 

FSs            0.96 
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Table C.4 Method of Slices Calculation for 2013, No Drains 

        FSs =  1.13    

1 2 3 4 5 6 7 8 9 10 
Driving 
force 12 Resistance 

Slice # Wn hn n
s n bn unbn c'bn unbntan' Wntan' Wnsinn I (8+10-9)/12 

Unit (kN/m) (m) (kPa/m) (°) (m) (kN/m) (kN/m) (kN/m) (kN/m) (kN/m) (Eq. C.1) (kN/m) 

1 997.67 -1.5512 -5.00 68 6.07 -30.37 151.85 -17.53 576.00 925.02 0.85 878.65 

2 1190.26 5.6225 55.16 39 3.93 216.54 0.00 100.97 555.03 749.06 1.04 437.92 

3 3859.82 7.1673 70.31 19 10.00 703.11 0.00 327.87 1799.86 1256.64 1.08 1363.13 

4 4633.56 6.478 63.55 22 10.00 635.49 0.00 296.33 2160.66 1735.76 1.08 1723.41 

5 5434.04 5.9851 58.71 21 10.00 587.14 0.00 273.79 2533.94 1947.39 1.08 2089.90 

6 6070.42 5.4442 53.41 22 10.00 534.08 0.00 249.04 2830.68 2274.02 1.08 2386.50 

7 5414.35 5.0422 49.46 22 10.00 494.64 0.00 230.65 2524.75 2028.25 1.08 2120.69 

8 4679.32 4.4616 43.77 22 10.00 437.68 0.00 204.09 2182.00 1752.90 1.08 1828.40 

9 4053.22 4.1286 40.50 21 10.00 405.02 0.00 188.86 1890.05 1452.54 1.08 1573.04 

10 3423.15 3.788 37.16 20 10.00 371.60 0.00 173.28 1596.24 1170.79 1.08 1316.54 

11 2948.53 3.0111 29.54 19 10.00 295.39 0.00 137.74 1374.92 959.95 1.08 1145.68 

12 2435.31 2.36 23.15 14 10.00 231.52 0.00 107.96 1135.60 589.15 1.07 960.30 

13 1281.60 1.5843 15.54 6 7.00 108.72 0.00 50.70 597.62 133.96 1.04 527.07 

14 1344.12 -1.825 -5.00 -2 16.39 -81.97 0.00 -47.327 776.03 -46.91 0.98 835.90 

                   16928.52   19187.12 

FSs                       1.13 
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Table C.5 Method of Slices Calculations for 2011, Toe Drains 

        FSs =  0.97    

1 2 3 4 5 6 7 8 9 10 
Driving 
force 12 Resistance 

Slice # Wn hn n
s n bn unbn c'bn unbntan' Wntan' Wnsinn I (8+10-9)/12 

Unit (kN/m) (m) (kPa/m) (°) (m) (kN/m) (kN/m) (kN/m) (kN/m) (kN/m) (Eq. C.1) (kN/m) 

1 997.67 8.6423 84.78 68 6.07 514.97 151.85 297.32 576.00 925.02 0.93 464.71 

2 1190.26 14.5096 142.34 39 3.93 558.81 0.00 260.58 555.03 749.06 1.08 272.72 

3 3859.82 18.1613 178.16 19 10.00 1781.62 0.00 830.78 1799.86 1256.64 1.10 879.36 

4 4633.56 17.1929 168.66 22 10.00 1686.62 0.00 786.49 2160.66 1735.76 1.11 1241.05 

5 5434.04 15.2134 149.24 21 10.00 1492.43 0.00 695.93 2533.94 1947.39 1.11 1662.06 

6 6070.42 13.3026 130.50 22 10.00 1304.99 0.00 608.52 2830.68 2274.02 1.11 2006.88 

7 5414.35 11.1009 108.90 22 10.00 1089.00 0.00 507.81 2524.75 2028.25 1.11 1821.55 

8 4679.32 7.6445 74.99 22 10.00 749.93 0.00 349.70 2182.00 1752.90 1.11 1654.80 

9 4053.22 4.965 48.71 21 10.00 487.07 0.00 227.12 1890.05 1452.54 1.11 1503.74 

10 3423.15 4.2185 41.38 20 10.00 413.83 0.00 192.97 1596.24 1170.79 1.10 1270.95 

11 2948.53 -1.6509 -5.00 19 10.00 -50.00 0.00 -23.32 1374.92 959.95 1.10 1268.78 

12 2435.31 -0.3019 -5.00 14 10.00 -50.00 0.00 -23.32 1135.60 589.15 1.09 1066.56 

13 1281.60 1.4692 14.41 6 7.00 100.82 0.00 47.01 597.62 133.96 1.04 527.01 

14 1344.12 -2.0064 -5.00 -2 16.39 -81.97 0.00 -47.327 776.03 -46.91 0.98 841.34 

                   16928.52   16481.51 

FSs                       0.97 
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Table C.6 Methods of Slices Calculations for 2013, Toe Drains 

        FSs =  1.16    

1 2 3 4 5 6 7 8 9 10 
Driving 
force 12 Resistance 

Slice # Wn hn n
s n bn unbn c'bn unbntan' Wntan' Wnsinn I (8+10-9)/12 

Unit (kN/m) (m) (kPa/m) (°) (m) (kN/m) (kN/m) (kN/m) (kN/m) (kN/m) (Eq. C.1) (kN/m) 

1 997.67 -1.3934 -5.00 68 6.07 -30.37 151.85 -17.53 576.00 925.02 0.84 891.53 

2 1190.26 5.491 53.87 39 3.93 211.48 0.00 98.61 555.03 749.06 1.03 443.07 

3 3859.82 7.1434 70.08 19 10.00 700.77 0.00 326.77 1799.86 1256.64 1.08 1368.54 

4 4633.56 6.5266 64.03 22 10.00 640.26 0.00 298.56 2160.66 1735.76 1.08 1727.74 

5 5434.04 5.6976 55.89 21 10.00 558.93 0.00 260.64 2533.94 1947.39 1.08 2109.52 

6 6070.42 5.2606 51.61 22 10.00 516.06 0.00 240.64 2830.68 2274.02 1.08 2403.14 

7 5414.35 4.9769 48.82 22 10.00 488.23 0.00 227.67 2524.75 2028.25 1.08 2131.33 

8 4679.32 4.2206 41.40 22 10.00 414.04 0.00 193.07 2182.00 1752.90 1.08 1845.41 

9 4053.22 3.9361 38.61 21 10.00 386.13 0.00 180.06 1890.05 1452.54 1.08 1586.79 

10 3423.15 3.1561 30.96 20 10.00 309.61 0.00 144.38 1596.24 1170.79 1.08 1347.84 

11 2948.53 -1.6935 -5.00 19 10.00 -50.00 0.00 -23.32 1374.92 959.95 1.08 1299.00 

12 2435.31 -0.3385 -5.00 14 10.00 -50.00 0.00 -23.32 1135.60 589.15 1.07 1085.59 

13 1281.60 1.4331 14.06 6 7.00 98.35 0.00 45.86 597.62 133.96 1.04 532.31 

14 1344.12 -1.9467 -5.00 -2 16.39 -81.97 0.00 -47.327 776.03 -46.91 0.98 838.43 

                   16928.52   19610.23 

FSs                       1.16 

 

  



152 

 

Table C.7 Method of Slices Calculations for 2011, North Slope Drains 
        FSs = 1.09    

1 2 3 4 5 6 7 8 9 10 
Driving 
force 

12 Resistance 

Slice # Wn hn n
s n bn unbn c'bn unbntan' Wntan' Wnsinn I (8+10-9)/12 

Unit (kN/m) (m) (kPa/m) (°) (m) (kN/m) (kN/m) (kN/m) (kN/m) (kN/m) (Eq. C.1) (kN/m) 

1 997.67 2.0673 20.28 68 6.07 123.18 151.85 71.12 576.00 925.02 0.87 758.60 

2 1190.26 9.2153 90.40 39 3.93 354.91 0.00 165.50 555.03 749.06 1.05 372.27 

3 3859.82 11.255 110.41 19 10.00 1104.12 0.00 514.86 1799.86 1256.64 1.08 1184.56 

4 4633.56 10.7353 105.31 22 10.00 1053.13 0.00 491.08 2160.66 1735.76 1.09 1535.33 

5 5434.04 9.9447 97.56 21 10.00 975.58 0.00 454.92 2533.94 1947.39 1.09 1912.81 

6 6070.42 8.7532 85.87 22 10.00 858.69 0.00 400.41 2830.68 2274.02 1.09 2234.85 

7 5414.35 7.5438 74.00 22 10.00 740.05 0.00 345.09 2524.75 2028.25 1.09 2004.39 

8 4679.32 5.0162 49.21 22 10.00 492.09 0.00 229.46 2182.00 1752.90 1.09 1795.53 

9 4053.22 4.2099 41.30 21 10.00 412.99 0.00 192.58 1890.05 1452.54 1.09 1561.76 

10 3423.15 3.798 37.26 20 10.00 372.58 0.00 173.74 1596.24 1170.79 1.09 1309.84 

11 2948.53 -5.1345 -5.00 19 10.00 -50.00 0.00 -23.32 1374.92 959.95 1.08 1288.94 

12 2435.31 -2.622 -5.00 14 10.00 -50.00 0.00 -23.32 1135.60 589.15 1.07 1079.28 

13 1281.60 0.8096 7.94 6 7.00 55.56 0.00 25.91 597.62 133.96 1.04 550.12 

14 1344.12 -2.2789 -5.00 -2 16.39 -81.97 0.00 -47.327 776.03 -46.91 0.98 839.38 

          16928.52  18427.66 

FSs            1.09 
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Table C.8 Method of Slices Calculations for 2013, North Slope Drains 
        FSs = 1.25    

1 2 3 4 5 6 7 8 9 10 
Driving 
force 

12 Resistance 

Slice # Wn hn n
s n bn unbn c'bn unbntan' Wntan' Wnsinn I (8+10-9)/12 

Unit (kN/m) (m) (kPa/m) (°) (m) (kN/m) (kN/m) (kN/m) (kN/m) (kN/m) (Eq. C.1) (kN/m) 

1 997.67 -7.8722 -5.00 68 6.07 -30.37 151.85 -17.53 576.00 925.02 0.80 928.42 

2 1190.26 -0.2891 -5.00 39 3.93 -19.63 0.00 -9.15 555.03 749.06 1.01 557.54 

3 3859.82 1.4191 13.92 19 10.00 139.21 0.00 64.92 1799.86 1256.64 1.07 1626.05 

4 4633.56 0.7789 7.64 22 10.00 76.41 0.00 35.63 2160.66 1735.76 1.07 1991.73 

5 5434.04 1.0665 10.46 21 10.00 104.62 0.00 48.79 2533.94 1947.39 1.07 2328.51 

6 6070.42 1.4872 14.59 22 10.00 145.89 0.00 68.03 2830.68 2274.02 1.07 2589.35 

7 5414.35 1.9994 19.61 22 10.00 196.14 0.00 91.46 2524.75 2028.25 1.07 2280.65 

8 4679.32 2.3843 23.39 22 10.00 233.90 0.00 109.07 2182.00 1752.90 1.07 1942.90 

9 4053.22 2.5173 24.69 21 10.00 246.95 0.00 115.15 1890.05 1452.54 1.07 1663.03 

10 3423.15 1.7246 16.92 20 10.00 169.18 0.00 78.89 1596.24 1170.79 1.07 1421.70 

11 2948.53 -2.3214 -5.00 19 10.00 -50.00 0.00 -23.32 1374.92 959.95 1.07 1310.47 

12 2435.31 -1.0003 -5.00 14 10.00 -50.00 0.00 -23.32 1135.60 589.15 1.06 1092.76 

13 1281.60 0.8138 7.98 6 7.00 55.85 0.00 26.04 597.62 133.96 1.03 553.04 

14 1344.12 -2.5714 -5.00 -2 16.39 -81.97 0.00 -47.327 776.03 -46.91 0.98 837.36 

          16928.52  21123.50 

FSs            1.25 

 


