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ABSTRACT 

 Rainfall-induced landslides and debris-flows are calamitous natural hazards that are 

difficult to predict. Point measurement surveys of subsurface hydro-mechanical properties are 

often used alongside slope stability assessments to predict landslide occurrence. However, such 

surveys can be tedious and costly in the field scale, and invasive in the laboratory scale. 

Presented here are newly applied remote sensing techniques intended to improve slope stability 

characterization methods at a variety of scales. Electrical resistivity tomography (ERT) was used 

to quickly estimate soil thickness over a steep (33–40°) zero-order basin in the Oregon Coast 

Range. After characterizing the hydroelectrical properties at the study site, Depth-to-bedrock was 

interpreted from the geophysical dataset with a root mean squared error of 27 cm compared to 

point measurements. In the laboratory scale, a particle image velocimetry (PIV) tool was used to 

observe shear plane development and strain localization in a tabletop vertical cut slope simulator 

prior to slope failure. A vertical sliding trap door was gradually removed until the slope failed 

abruptly, and digital images were taken concurrently for the PIV analyses. Areas of maximum 

strain localization were found to coincide with the location of the eventual failure plane, showing 

the PIV technique can be used to detect developing shear planes in the soil. Furthermore, 

Culmann’s Method, a commonly used two-dimensional critical height analysis, was extended to 

three dimensions and for use in unsaturated soils. Experimental failure heights agreed with the 

extended theory (within 14.3% relative error) for a range of soil moisture content and cut slope 

widths, compared to an 88.5% error without the three-dimensional correction. Using the 

extended theory, a theoretical threshold was also proposed and tested for sidewall width 

influence on laboratory cut slope failures. 
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CHAPTER 1 

INTRODUCTORY REMARKS 

 Shallow landslides are an important part of the erosion process and a persistent hazard in 

mountainous areas, particularly in wet climates where shallow slides may be triggered by a 

combination of heavy storm and antecedent rainfall (Dai and Lee 2001; Kim et al. 2004; Lu and 

Godt 2008) or where the contact between colluvial soil and underlying bedrock is abrupt (e.g., 

Campbell 1975). Cut slope and cliff failure occurrence, which often triggers dangerous 

landsliding and debris-flow formation (e.g. Iverson et al., 1997), is extremely difficult to predict 

spatially and temporally. Modern landslide prediction and forecasting depends on a rainfall 

intensity-duration threshold that is empirically derived for a particular region or subclimate 

(Keefer et al., 1987). However, these thresholds are not specific to a given hillslope where 

parameters (e.g. soil type, depth-to-bedrock, vegetation, relief, etc.) may differ systematically. 

Additionally, warnings based on precipitation measurements and subsequent cataloguing of 

slope failure events do not take into account the current state of stress in a particular hillslope’s 

soil matrix (Godt et al., 2006). Quantifying these states of stress are further complicated by a 

soils’ hysteretic behavior and lack of direct monitoring to reconcile the stress path at the failure 

plane. 

 Methods for solving slope stability problems are constantly being revised as our 

understanding of slope-failure mechanisms improves (Keefer and Larsen, 2007). Slope failure 

susceptibility was classically operating from the assumption that positive pore pressures are at 

play at the failure plane, according to Terzaghi’s (1943) effective stress principle for saturated 

soils. However, recent studies have shown that landslides can occur under partially saturated 

conditions (e.g. Springman, 2003; Godt et al., 2007; Godt et al., 2009). Bishop’s effective stress 
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principle (1954, 1959) was developed for applications with unsaturated soils, but includes a 

nebulous coefficient of effective stress, χ, that has yet to have been allotted widely accepted 

physical basis. Lu and Likos (2004, 2006) further expanded on Bishop’s effective stress for 

unsaturated soils and conceptualized a suction stress term as the sum of the active forces near 

inter-particle contacts within a soil volume that results in a tensile stress. Suction stress is readily 

applied to landslide susceptibility studies in that it is dimensionally a stress term, and varies only 

with soil suction.  

 The work in this dissertation is intended to combine the groundwork in slope stability 

assessment and unsaturated soil stress characterization, with time- and cost-effective tools to 

help advance slope failure prediction methodology at the field and laboratory scale. Bogoslovsky 

and Ogilvy (1977) outlined the effectiveness of using nonintrusive geophysical tools to study 

landslides, specifically, because a large number of repeat measurements can be made with 

minimal effort. The direct current (DC) resistivity method is an increasingly popular tool that has 

been used extensively for characterizing the shallow subsurface geology for problems in 

geomorphology (e.g., Schrott and Sass 2008). Image-processing techniques such as particle 

image velocimetry (PIV) have also been used to obtain particle displacements both in the lab and 

the field. The PIV technique was originally developed to track and quantify particle 

displacements through flowing media, such as water (Adrian, 1991). This ability for PIV to track 

particle movement over time makes it an obvious tool for consideration in geomorphological 

applications.  

The second chapter of this dissertation compares measurements of soil depth using a 

probe to those interpreted from a direct-current (DC) resistivity survey throughout a steepland 

drainage basin in the Oregon Coast Range. This study, published in the Journal of Geotechnical 
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and Geoenvironmental Engineering in 2012, demonstrated that DC resistivity is sufficient for 

mapping the soil-bedrock contact surface geometry if the soil and bedrock hydroelectrical 

properties are well characterized. Further geostatisical analysis also indicated extrapolating 

bedrock depths away from the geophysical transects in the direction of the drainage axis was 

more reliable than when moving from convergent valleys to divergent ridges. A kriged bedrock 

depth map from the interpreted resistivity survey had an root mean squared error of 0.27 m when 

compared with the depths at the soil probe measurement locations taken in this study.  

 Chapter three introduces an extension on Culmann’s (1866) vertical cut analysis for finite 

slopes with planar failure surface shapes, and was also published in the Journal of Geotechnical 

and Geoenvironmental Engineering in 2014. The amendment combines Lu and Likos’ (2004; 

2006) suction stress theory with Culmann’s theory to make it applicable to unsaturated soils by 

substituting the cohesion term for suction stress. The extended theory also accounted for the 

effects of friction along the lateral margins of a three-dimensional geometry, which is applicable 

for all laboratory slope stability experiments. The extended theory was tested using a laboratory 

apparatus in which soil with a measured moisture content is compacted. A vertical free face is 

then produced when a sliding trap door is gradually removed on one side of the apparatus until 

the vertical cut fails abruptly. A particle image velocimetry (PIV) tool was recently developed 

for geotechnical applications by the co-author, W.A. Take (White et al., 2001; White et al., 2003) 

and was used during the vertical cut experiments to quantify and detect incipient particle motion 

as small as 0.05 mm prior to failure. The PIV results were also used to estimate the angle of the 

failure plane to predict the critical height of failure using the extended analyses proposed. Using 

the failure angle, measured soil-water and soil strength parameters, and the extended vertical cut 
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theory, we predicted the critical failure height with a mean error of 22.3%, which compares to an 

error of 88.5% when using Culmann’s analysis without the sidewall correction. 

 The findings in chapter four is intended for publication in the Journal of Geotechnical 

and Geoenvironmental Engineering as an extension to the work in chapter three. The purpose of 

this effort was to delineate strain localization using the PIV tool, and map it temporally until the 

moment of abrupt failure during additional vertical cut experiments. The temporal progressions 

of strain in the laboratory vertical cuts were intended to provide a basis from which numerical 

models of strain localization can be predicated. These experiments also differed from the 

previous study in that the sidewall width was adjusted to three different distances of 9.7, 20, and 

27.5 cm to test the influence of sidewall friction for different slope geometries. The maximum 

strain localization at the top surface of the soil volume indicated the potential for abrupt failure at 

that location, which is consistent with observations in the previous study in chapter three. A 

theoretical threshold for sidewall influence on laboratory cut slope failures is also proposed, 

where the influence on critical height from sidewall friction effects (both normalized for 

moisture content) for an experimental soil with a given friction angle becomes asymptotic when 

the effects of sidewall friction are negligible. Based on the theoretical and experimental tests, a 

suggested normalized critical height at 10% greater than the asymptotic value could serve as a 

threshold between experimental slope constraints that influence slope stability, or two-

dimensional conditions could be effectively assumed for simulated laboratory conditions. 

 The single appendix to this dissertation derives the extended vertical cut theory proposed 

in chapter three, and is also published as part of this paper in JGGE.   

 As a whole, this compilation of research broadens the potential for landslide 

characterization methodology. Although the laboratory experiments were relegated to a specific 
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scale, the techniques and concepts used can be readily applied to larger, mesoscale experiments. 

The intent is for future experimenters to expand upon these findings, leading ultimately toward a 

cheap, simplified, three-dimensional slope stability assessment easily applied to any hillslope 

environment of concern. 
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CHAPTER 2                                                                                                 

COMPARISON OF SOIL THICKNESS IN A ZERO-ORDER BASIN IN THE OREGON 

COAST RANGE USING A SOIL PROBE AND ELECTRICAL RESISTIVITY 

TOMOGRAPHY 

A paper published in Journal of Geotechnical and Geoenvironmental Engineering1 

Michael S. Morse*2, Ning Lu2, Jonathan W. Godt3, André Revil4, and Jeffrey A. Coe3 

Abstract 

Accurate estimation of the soil thickness distribution in steepland drainage basins is essential for 

understanding ecosystem and subsurface response to infiltration. One important aspect of this 

characterization is assessing the heavy and antecedent rainfall conditions that lead to shallow 

landsliding. In this paper, we investigate the direct current (DC) resistivity method as a tool for 

quickly estimating soil thickness over a steep (33–40°) zero-order basin in the Oregon Coast 

___________________________________________________ 

Reprinted with permission from Morse, M., Lu, N., Godt, J., Revil, A., and Coe, J. (2012). 

Comparison of Soil Thickness in a Zero-Order Basin in the Oregon Coast Range Using a 

Soil Probe and Electrical Resistivity Tomography. J. Geotech. Geoenviron. Eng., 138, 

1470-1482. Copyright 2012 American Society of Civil Engineers. 

2Department of Civil and Environmental Engineering  

 Colorado School of Mines 

 Golden, Colorado 

 
3Geologic Hazards Science Center 

 U.S. Geological Survey 

 Golden, Colorado 

 
4
 Department of Geophysics 

 Colorado School of Mines 

 Golden Colorado 

 

*Michael S. Morse was the primary author in the writing of this manuscript. 
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Range, a landslide prone region. Point measurements throughout the basin showed bedrock 

depths between 0.55 and 3.2 m. Resistivity of soil and bedrock samples collected from the site 

was measured for degrees of saturation between 40 and 92%. Resistivity of the soil was typically  

higher than that of the bedrock for degrees of saturation lower than 70%. Results from the 

laboratory measurements and point-depth measurements were used in a numerical model to 

evaluate the resistivity contrast at the soil-bedrock interface. A decreasing-with-depth resistivity 

contrast was apparent at the interface in the modeling results. At the field site, three transects 

were surveyed where coincident ground truth measurements of bedrock depth were available, to 

test the accuracy of the method. The same decreasing-with-depth resistivity trend that was 

apparent in the model was also present in the survey data. The resistivity contour of between 

1,000 and 2,000 Ωm that marked the top of the contrast was our interpreted bedrock depth in the 

survey data. Kriged depth-to-bedrock maps were created from both the field-measured ground 

truth obtained with a soil probe and interpreted depths from the resistivity tomography, and these 

were compared for accuracy graphically. Depths were interpolated as far as 16.5 m laterally from 

the resistivity survey lines with root mean squared error (RMSE) = 27 cm between the measured 

and interpreted depth at those locations. Using several transects and analysis of the subsurface 

material properties, the direct current (DC) resistivity method is shown to be able to delineate 

bedrock depth trends within the drainage basin. 

2.1 Introduction 

Direct monitoring of pore-water response to rainfall and estimation of the variability of 

soil thickness in steepland drainage basins are essential for understanding the conditions leading 

to shallow landslide initiation (e.g., Godt et al. 2009; Montgomery et al. 2009). Shallow 
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landslides are an important part of the erosion process and a persistent hazard in mountainous 

areas, particularly in wet climates where shallow slides may be triggered by a combination of 

heavy storm and antecedent rainfall (Dai and Lee 2001; Kim et al. 2004; Lu and Godt 2008) or 

where the contact between colluvial soil and underlying bedrock is abrupt (e.g., Campbell 1975).  

The Oregon Coast Range is susceptible to shallow landslides because of steep 

topography, heavy rainfall, and human land use activities associated with timber harvesting (e.g., 

Brown and Krygier 1971; Pierson 1977; Montgomery et al. 2000). Recent work in the area on 

shallow landsliding and debris-flow initiation has focused on the influence of vegetation roots on 

slope stability (Schmidt et al. 2001; Roering et al. 2003) and the role of pore-water response 

from rainfall in soil and shallow bedrock in triggering landslides (Wu and Sidle 1995; 

Montgomery et al. 1997; Torres et al. 1998). At a site near Coos Bay, Oregon, Montgomery et al. 

(2009) collected extensive monitoring data to characterize the subsurface pore pressures leading 

to the onset of landsliding and highlighted the influence of flow from fractured weathered 

bedrock in generating pore pressures in the overlying soil during a heavy rainstorm. An 

important constraint on groundwater and slope-stability modeling of the site (Ebel et al. 2008, 

2010) was the depth of the interface between the soil and the underlying bedrock, which for 

these modeling studies was painstakingly measured by hand (Schmidt 1999). Because 

geophysical techniques offer a means to image variation in subsurface materials at the hillslope 

and basin scale, they are increasingly used in landslide investigations. Bogoslovsky and Ogilvy 

(1977) outlined the effectiveness of using nonintrusive geophysical tools to study landslides, 

specifically, because a large number of repeat measurements can be made with minimal effort. 

The direct current (DC) resistivity method is an increasingly popular tool that can be used to 

characterize the shallow subsurface geology for problems in geomorphology (e.g., Schrott and 
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Sass 2008). Bichler et al. (2004) conducted an extensive study using DC resistivity, seismic 

reflection and refraction, and ground-penetrating radar to create a three-dimensional map of a 

landslide slip surface. Schmutz et al. (2009) used resistivity and time-domain electromagnetics to 

obtain a three-dimensional subsurface map of an earthflow in the Alps. Lapenna et al. (2003) 

used resistivity and self-potential to map the boundaries of a landslide in southern Italy.  

Only recently has the DC resistivity method been applied to the vadose zone (Friedel et 

al. 2006), and little work has been done to accurately distinguish subsurface structures and create 

a basin-scale assessment of the shallow soil-bedrock contact using this technique. Because of the 

non-unique solutions typical of many geophysical studies, most studies have employed more 

than one geophysical technique to characterize subsurface geology on hillslopes (e.g., Lapenna et 

al. 2003; Bichler et al. 2004; Schmutz et al. 2009).  

In this study, we conducted a shallow DC resistivity survey of a steepland drainage basin 

in the Oregon Coast Range. Inversions of the geophysical data were conducted to produce 

resistivity tomograms for each transect. Electrical resistivity of soil and bedrock samples 

collected from the site was measured in the laboratory, and the electrical contrast between the 

soil and bedrock was further studied using 2D forward modeling. Bedrock depths were then 

determined in the DC survey tomograms, and an interpolated depth map for the basin was 

created using geostatistics. The results were compared with existing point measurements of 

bedrock depth from boreholes to assess the validity of the DC resistivity method as a means of 

determining bedrock depth throughout the drainage basin. This study demonstrates that DC 

resistivity is sufficient for mapping the soil-bedrock contact surface geometry if the material 

properties are well characterized. 
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Figure 2.1. Map showing location of the field site within the Oregon Coast Range in the Elliott 

State Forest 

 

 2.2 Site description 

The study site is a southwest-facing zero-order basin located within the Elliott State 

Forest�20 km southeast of Reedsport in the Oregon Coast Range (Figure 2.1). Zero-order basins 

are steep, unchanneled swales or bedrock hollows and are the uppermost catchments in a stream 

network (Dietrich and Dunne 1978; Benda 1990; Benda et al. 2005). Because colluvium tends to 

collect in the hollow axis, and bedrock topography tends to focus groundwater flow, zero-order 

basins are often the locus for shallow landslides (e.g., Dietrich et al. 1986). We selected this 

particular location because of its steep topography (33−40°) and the recent (�3 years prior to the 

geophysical survey) removal of trees from the basin for commercial timber harvest, factors that 
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contribute to the potential for shallow landslides (e.g., Schmidt et al. 2001; Sidle and Ochiai 

2006). 

 

 

Figure 2.2. Surface vegetation and remnant stumps at the survey site; location is in drainage 

basin axis, facing directly upslope 

 

The surface of the basin is covered with tree stumps and woody debris in various states of 

decomposition left after logging (Figure 2.2). At the time of the study, the majority of surface 

vegetation was comprised of dispersed patches of rhododendron and 3-year-old Douglas fir 

saplings planted after clear-cut harvest. Irregularities in the slope topography suggested the 

presence of deposits resulting from slumping and small-scale (5 m wide) landslides, particularly 

near the head of the basin. Outcrops of massive Tertiary sandstone, interbedded with siltstone 

and mudstone, occur locally on ridgelines and road cuts and compose the bedrock underlying the 

field site. A study by Lovell (1969), which described the materials of the Tyee basin in the area 
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of the field site as composed of �95% sandstone with the remaining 5% composed of siltstone 

and shale. Outcrops of the sandstone beds near the field site generally dipped to the southwest at 

an angle of 9°. At the time of the geophysical survey, soil moisture conditions at the site were 

dry with no recorded precipitation for the week before the survey—typical conditions for the 

Oregon Coast Range in the summer season.  

Figure 2.3. Soil pit near GP1; soil horizon designations follow the nomenclature of Birkeland 

(1999) 

 

We identified four distinct subsurface units within soil profiles at the site (Figure 2.3). 

The top layer (0−20 cm) is an organic rich horizon (O soil horizon; Birkeland 1999) composed of 

mostly of black duff and roots. Below this layer (10−60 cm) is a thick dark brown to black soil 

with �5% tan clasts with some 5-cm-diameter macropores and decomposing and intact roots (A 

and weak B soil horizons). Farther down (60−100 cm) is a layer of brown, cobbly, slightly sticky 

sand with �30% weathered clasts (C soil horizon). Beneath the brown layer is a hard, tan to 
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reddish-tan, weathered sandstone (100−120 cm; Cr soil horizon). Wood and remnant roots in the 

subsurface are shown as bright objects in the photo. Similar structures were found in soil pits 

near other boreholes. The sapling in the foreground was manually planted 3 years after clear-cur 

harvest. 

2.3  Methods 

2.3.1 Bedrock depth and topography survey 

A total of thirty soil thickness measurements were taken using a 2.5-cm-diameter soil 

probe at locations throughout the basin (Figure 2.4). Spatial variability of elevation and depth 

was calculated using a kriging method. Soil thickness measurements are marked by SD#; 

boreholes are marked by GP#. Location of each geophysical survey line at the site is shown: 

upslope survey, A-A’; downslope survey, B-B’; axis survey, C-C’ (Figure 2.4). The hand-driven 

soil probe removed cores of material in 30-cm runs to a maximum depth of 1.8 m. Soil-bedrock 

contact depths were determined from the observed change of color in the extracted cores, and at 

depths where further progress was impeded. Three larger (5.6 cm diameter) boreholes were 

completed at locations along the catchment axis with a Geoprobe MC-5 sampler and demolition 

hammer. The Geoprobe sampler retrieved intact cores of the soil and bedrock and was capable of 

coring to a maximum depth of 6 m. Bedrock depths were determined with the same method as 

with the hand probe. Soil pits of �4 ft in diameter were also dug to the depth of the soil-bedrock 

contact at each Geoprobe borehole location, to better describe the soil profile and collect soil 

samples. Surface topography of the study site was surveyed using a total station. Elevation 

measurement points were spread randomly to obtain topographic trends over the catchment area. 

Locations of the bedrock depth measurements were also surveyed. Global positioning system 

data with 2-cm resolution were obtained for two control points, so that total station data could be 
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transformed to the Universal Transverse Mercator (UTM) coordinate system. Kriging of the 

surface topography and soil depth data was performed using the geostatistics software, Surfer 9, 

to create a topographic contour map and a depth-to-bedrock map of the basin (Figure 2.4). The 

data from the kriged grids illustrated in Figure 2.4 were used to guide the geophysical 

investigation discussed in the next section. 

2.3.2 Geophysical survey 

 Electrical conductivity represents the ability of a material to conduct electrical current 

and is the inverse of electrical resistivity. The DC resistivity method was used to obtain a 

laterally continuous tomogram of subsurface resistivity. Electrical conductivity of a porous soil 

or rock depends on a number of properties including porosity, tortuosity of the pore space, total 

dissolved solids in the pore water solution, water content, temperature, cation exchange capacity 

of the material, and frequency of electrical current (Revil et al. 1998; Revil and Glover 1998). 

When the cation exchange capacity of the porous material is negligible, the electrical 

conductivity, σe, can be related to the porosity, φ, and the level of relative saturation, Sw , in the 

pores (Archie 1942) by

 
                                                                                 

 �� =  ������	 (2.1) 

where �� 
is conductivity of water, and m and n are first and second Archie exponents, 

respectively.  

Apparent resistivity data were obtained with an Advanced Geosciences Inc. (AGI) Super 

Sting R1 resistivity meter. The resistivity meter internally calculated the apparent resistivity in 

the field based on the array type, spacing, and induced current for a subsurface half-space. 

Accuracy of the field measurements was optimized by implementing several “cycles”—or 

intervals of applied current and subsequent voltage readings—with the instrument. We used a 
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Wenner-α (constant spacing) type array because of its favorable signal-to-noise ratio and 

propensity for detecting horizontal layers in the subsurface.  

 

 

Figure 2.4. Map showing surface topography and soil thickness determined from field 

measurements at study site. 

 

Three resistivity transects were surveyed at the site (Figure 2.4). Two transects (upslope 

transect, A-A’; downslope transect, B-B’) were oriented perpendicular to the basin axis. The 

upslope transect extended a total of 98 m, and the downslope transect extended 67.2 m. An 

additional survey line (axis transect, C-C’) ran along the basin axis, extending a total of 80 m. 
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For the upslope and downslope transects, an electrode spacing of 0.7 m was used; and for the 

axis transect, the spacing was 1.0 m. The electrode spacing was determined to obtain an optimal 

density of data for a subsurface depth up to 2.0 m. The target depth for each survey was designed 

to be consistent with the bedrock depths obtained from the soil probe measurements for maximal 

density of data points around the contact for the purpose of this study. Prior insight of the 

approximate bedrock contact depth allows for the use of electrode spacings that yield the greatest 

resolution of resistivity data at that depth, thereby increasing the efficiency of the geophysical 

survey and the quality of data. 

2.3.3  Laboratory resistivity measurements 

Understanding the electrical properties of the soil and bedrock at the field site is needed 

to interpret a resistivity contrast in the tomography data. Because of the non-unique result of a 

field geophysical survey, the materials in question should be properly characterized with 

supplementary data or through experiments conducted in a controlled setting. We obtained soil 

samples from pits dug near the Geoprobe borehole locations GP1 and GP3 (Figure 2.4) at the 

field site. Soil was procured using a shovel and bucket, and depth of the sampling was recorded. 

One sandstone sample was removed from an outcrop at the top of a local ridgeline. Water 

samples were taken from the confluence of two drainages downslope from the field site, to 

measure the conductivity of the pore water in the basin used to solve for Equation (2.1). 

The soil samples were first dried in an oven and weighed; then tap water was added, by 

weight, to the target degree of saturation for the resistivity experiments. The moist soil was then 

compacted in a plastic box with dimensions of 30.4 cm length by 15.4 cm width by 7.0 cm 

height. A compaction hammer was dropped from a uniform height to compact each sample to a 

porosity of 0.42. The soil was covered and cured for one hour, to equilibrate the moisture content 
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within the pore structure. The sample was then weighed after each measurement, to account for 

the loss of water mass as the result of evaporation. 

We used an ABEM Terrameter SAS4000 to induce a current through the compacted soil 

sample and simultaneously measure the resistance. Four copper electrodes in a Wenner-α type 

array were placed in a uniform spacing of 7.5 cm in the soil box experiments. The method of 

measurement for the soil resistance was similar to those conducted at the field site, where two 

electrodes apply the current, and two electrodes measure the voltage drop. However, because the 

confined laboratory experiments were not conducted in an infinite half-space, a geometric factor 

was required to solve for the electrical resistivity of the soil at the given degree of saturation.  

We calculated the resistivity for the experimental soil box data by creating a model of the 

experimental setup using COMSOL Multiphysics 3.5. COMSOL Multiphysics is a finite element 

analysis that can be used to solve the Laplace equation for the electrical potential distribution for 

a given geometry, resistivity distribution, and position of the two current and the two potential 

electrodes. We calculated the resistivity of the soil at different degrees of saturation using the 

geometric factor in the COMSOL model.  

Electrical properties of the sandstone specimen were measured using an impedance meter 

working in the frequency domain (for details, see Leroy et al. 2008 and Jougnot et al. 2010). The 

sample was dried in an oven, and the porosity was determined to be 0.35 using a simple 

buoyancy test. The dry sample was then submersed until a degree of saturation of 75% was 

reached, determined by weighing the sample before and after submersion. The saturation was to 

ensure the electrical current density distribution would be uniform throughout the volume of 

media. A sine wave of current was applied through the two current electrodes through the 

material at discrete frequencies, to measure both the resulting amplitude (potential) and phase lag 
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of the wave at two potential electrodes. The sample was chiseled into a block with the 

dimensions of 23 cm length, 16 cm width, and 15 cm height to find the geometrical factor of the 

sample (Niininen and Kelha 1979). The electrode array used was a Wenner-α with a spacing of 3 

cm. The resulting complex impedance was converted to a complex resistivity using the 

geometrical factor determined from finite-element software, and the resistivity was determined at 

the frequency used for the field investigation (�10 Hz). 

2.3.4  Inverse and forward modeling 

Electrical resistivity tomography was performed with the RES2DINV program (Loke and 

Barker 1996), using the robust L1 norm optimization method (Claerbout and Muir 1973; Wolke 

and Schwetlick 1988). The robust inversion method is preferable for problems with sharp 

boundaries between two layers of differing resistivities because it implements a damping factor 

that permits greater value disparity for regions around the contact (Ellis and Oldenburg 1994). 

Implementation of the damping factor required ground-truth information on the bedrock contact, 

to delineate the expected depth for the layer boundary. In addition to the observed sharp 

resistivity contrast, the robust inversion method was preferable for this study in order to obtain 

the best model of the resistivity variations at the soil-bedrock contact and to mitigate the erratic 

data obtained from macropores (soil pipes), irregular geometry of the bedrock contact, bedrock 

clasts, and roots in the shallow subsurface (Claerbout and Muir 1973). 

Results from the laboratory measurements were used to develop a two-layer, 2D forward 

model of each survey transect. We used the RES2DMOD forward modeling software for its ease 

of integration with the aforementioned inversion software. RES2DMOD simulates a field 

resistivity pseudosection using the finite-difference method to calculate the apparent resistivity 

distribution for a user-defined mesh (Loke 1999). The user also defines a specific resistivity 
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value to the individual mesh squares. Resistivity values measured for the soil and bedrock in the 

laboratory were assigned to the mesh in the forward model. Elevations of the electrode locations 

used for the field geophysics survey were measured with the total station survey and input to the 

forward model domain. Noise of 1% was added to the dataset to mimic the instrument error of 

the resistivity at the field site. The same robust method of inversion was used to create 

tomograms for the forward model that were compared with those created from the geophysical 

survey. The inverse solution of the forward modeling was used to help recognize the resistivity 

transition at the soil-bedrock contact in the geophysical data. 

2.4  Results 

2.4.1  Point measurement survey 

 Figure 2.4 shows the bedrock depth distribution determined from the direct soil depth 

measurements, overlain with locations for the DC resistivity survey transects. Soil profiles 

increase in thickness toward the basin axis and decrease toward the local basin boundaries where 

probe location SD20 registered the shallowest depth to bedrock at 0.55 m. Bedrock depth also 

increased with distance downslope along the axis, where the thickest measured soil profile 

extends to a maximum depth of 3.1 m at borehole GP3. Samples procured at 3.1 m in borehole 

GP3 were saturated, representing the only encounter with a possible water table at the time of 

this study. We located the local water table near the basin axis at a downslope location (GP3), 

and assumed that the moisture content profile of the soil above the bedrock did not vary 

significantly from axis to nose. 

2.4.2  Laboratory measurements 

Figure 2.5 shows the results from the direct resistivity measurements of the soil and 

bedrock samples performed in the laboratory. Results of the soil resistivity were experimentally 
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derived, whereas the sandstone resistivity distribution was determined using Archie’s law 

(Equation 2.1). A maximum degree of saturation of 92% was used in the experiment for both 

soils. Electrical conductivity of the added tap water was measured to be a consistent 3.9e-2 S/m 

at 21° C, which was similar to the measured conductivity of the water obtained downslope from 

the study site (2.1e-2 S/m). The soil sample obtained from the pit near GP1 was poorly sorted, 

whereas the soil from GP3 was more homogenous in grain size. Values from the sandstone 

experiment were extrapolated using Archie’s second law. We estimated the Archie exponents for 

the sandstone in Equation (2.1) to be m = n = 2, based on the typical values observed for clean, 

consolidated sandstone (Archie 1942). Because the porosity of the specimen and the electrical 

conductivity of the water were known, resistivity was estimated for different values of saturation 

using Equation (2.1). 

The resistivity values calculated using Archie’s second law for the sandstone with a 

degree of saturation between 40 and 50% was between 1,000 and 2,000 Ω-m. As shown in 

Figure 2.5, the difference between the resistivity of the sandstone and the two soils decreased as 

the level of water saturation increased to 70%. 

2.4.3  Forward model 

 User-defined properties of the finite-difference mesh in the RES2DMOD model were 

taken from the direct soil probe and laboratory measurements. Resistivity values for the soil and 

bedrock layers were set to 3,000 and 1,250 Ω-m, respectively. The resistivity values were based 

on the results of the previous small-scale laboratory experiments for a degree of saturation of 

50%. The depth of the soil-bedrock contact was defined in the model from the soil probe survey 

results. 
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Figure 2.5. Plot of real resistivity versus saturation of the pores for soil samples from GP1, GP3, 

and the sandstone outcrop specimen. 
 

Figure 2.6 shows inverted tomograms of the modeled resistivity data. Topography data 

from surveyed electrode locations were added to the modeled datasets before solving the 

inversion problem. Position and elevation of all transects are to the scale of the field experiment 

results, as are the resistivity contour values. The model results needed to be solved with the 

inverse problem to be compared with the inversions performed on the field geophysical datasets. 

The resistivity contours showed the sharpest contrast near the depth of the soil-bedrock contact 

in the modeled tomograms. Decrease in resistivity with depth was gradational, as the material 

electrical properties passed from soil to bedrock. The trend is apparent over the extent of each 

modeled tomogram at the soil-bedrock contact, and was assumed to represent the similar 

resistivity changes expected at the soil-bedrock interface at the study site. 
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Figure 2.6. Results of the forward model for each survey transect; vertical exaggeration of each section = 1.0.
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Figure 2.7. Inverted resistivity tomograms for each transect location in the basin: (a) reference 

map showing locations of each survey transect in the basin; (b) tomograms for A-A’ and B-B’ 

transects; (c) tomogram for the C-C’ transect; all maps were scaled to relate true elevation with 

topography in each profile; depths of the nearest soil probe and borehole measurements are 

shown to scale; vertical exaggeration for all maps = 1.0.
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2.4.4 Field resistivity tomography 

Figure 2.7 shows the inverted resistivity tomograms for each geophysical transect in the 

basin. Horizontal resistivity contours were apparent in each tomogram and begin at a depth 

ranging from 0.55 to 1.95 m below the surface. A trend of decreasing resistivity with depth 

typically began from the top of the tabular features in each section. High-resistivity (3,000 Ω-m) 

anomalies were apparent in each survey within 1.0 m depth below the surface, but were not 

laterally extensive. In the upslope transect (A-A’), a resistivity contrast area that decreased with 

depth ranged in value from 1,000 to 2,000 Ω-m (Figure 2.7b). The contrast area extended over 

the entire length of the transect and was located just below high (3,000 Ω-m) resistivity 

anomalies near the ground surface. 

In the downslope transect (B-B’), the resistivity contours showed the same general trend 

as in the upslope transect, where resistivity decreased with depth and the contours spanned the 

length of the transect. Resistivity values ranged from about 600 Ω-m on the western slope, to 

nearly 2,200 Ω-m near the eastern nose (Figure 2.7b). Two distinct features were apparent at the 

bottom of the section from 22-24 m, and 30-35 m distance across the transect (Figure 2.7b). The 

features exhibited a constant resistivity of �800 Ω-m and did not decrease with depth. The 

second feature was a sharp, truncated contact between the tabular resistivity trends east of the 

anomaly at the 35 m position. 

Finally, in the axis transect (C-C’; Figure 2.7c), resistivity ranged from 1,000 to 3,000 Ω-

m for the area of contrast just below the high surface anomalies across the entire transect. The 

resistivity trends at the intersection between the axis (C-C’), and the upslope (A-A’) and 

downslope (B-B’) surveys appeared largely to agree with minor disparities between the 
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resistivity values that result from separate inversion calculations. In general, resistivity was 

lowest farther upslope in the transect, and resistivity was highest downslope in the transect. 

2.5  Interpretation and discussion 

 Two distinct trends were similar in the resistivity contours from both the inverted forward 

model results and the tomograms of the field resistivity data. First, resistivity contours of 

between 1,000 and 2,000 Ω-m were consistent that extend the length of each tomogram and were 

oriented directly under areas of high (�3,000 Ω-m) resistivity near the ground surface. Second, 

resistivity decreased gradationally with depth below these contours. We interpreted the depth of 

the beginning of this resistivity contrast as the depth of the soil-bedrock interface in the field. 

Figure 2.7 shows the interpreted bedrock contact for each survey line combined with nearby soil 

depth measurements. The uppermost resistivity contour in the decreasing-with-depth trend 

present in each tomogram was largely consistent with the nearby measured soil probe depths 

[Figure 2.7b-c)]. The interpreted depth-to-bedrock at the intersections of the survey transects 

remained consistent for the coinciding depths in the axis survey. 

 The high resistivity anomalies that occurred near the surface for all of the survey 

tomograms [Figure 2.7b-c) likely represented remnant tree root networks and soil pipes (Figure 

2.3). An abrupt increase in bedrock depth can produce such an effect in the inversion calculation; 

however, it is more likely the effect of localized soil pipes or macropores created from decayed 

root networks. An electrical survey measurement occurring within a high-resistivity soil pipe 

would result in a halo of anomalously high resistivity in the surrounding unit as a product of the 

inversion algorithm calculation. On the other hand, results from the laboratory measurements 

suggest that boulders or dropstones present in the soil may portray a localized, low-resistivity 
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anomaly within the soil much like the effect of high-resistivity anomalies caused by the remnant 

roots.  

 Sharma et al. (1997) measured electrical resistivities of between 103 and 104 Ω-m in 

samples of wood saturated with water. These values roughly corresponded to the ~3,000 Ω-m 

resistivities obtained for the near-surface anomalies between 10-30 m and 60-75 m in transect A-

A’ (Figure 2.7b). The high resistivity anomalies between the 18-22, 34-36, 46-51, and 59-63 m 

positions of the downslope transect (B-B’) were consistent with the range in remnant root 

resistivity values, and they correlated to locations of high density surface vegetation at the field 

site. Large piles of wet wood and stumps were scattered over the surface in the upslope area and 

likely extended into the subsurface beneath. The surface material was generally dry; however, 

the western part of the basin was thickly vegetated (Figure 2.2), whereas the eastern nose was 

markedly less so.  

The resistivity value that most closely resembled the location of the water table in GP3 

agreed with the 300 Ω-m value calculated for the sandstone near saturation (Figure 2.5). In the 

modeled downslope section (B-B’), a high-resistivity anomaly between the 19- and 25-m 

positions at depth was met with a sharp contrast to the low resistivity values noticed around GP3 

that were similar to those found in the field geophysical data. The contrasts in resistivity were 

noticeable in both inverted tomograms of the field and modeled datasets, and may be a result of a 

steep sloping of the soil-bedrock contact at this location. A 3-m-thick colluvium layer was found 

near borehole GP3 during the initial site investigations and digging of soil pits. The colluvium 

may have resulted from a prior debris flow event that scoured the bedrock in this location. 
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Figure 2.8. Combined contour map of elevation with interpreted bedrock depth from DC survey. 

 

2.5.1 Statistical depth analysis 

 Using the interpreted depths from the inverted resistivity sections in Figure 2.7, we 

created a grid of the soil depth distribution in the basin using the original kriging method and 

surveyed coordinates of electrode locations in the field. The resulting contour map of the 

interpreted depth-to-bedrock determined by the geophysical survey is shown in Figure 2.8. 

Interpolation of bedrock depth between the survey lines was conducted using the same kriging 

procedure as with the soil probe measurements The shallowest depths were toward the basin 
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noses (convex topographic areas), and the deepest were downslope along the axis—similar to the 

trends from the point measurement survey in Figure 2.4. Interpreted bedrock depths in the 

contour map that were a distance away from the geophysical survey transects were interpolated 

using the kriging method (Deutsch and Journel 1998). Statistics of the interpolated depths 

compared with the depths along each transect can be plotted using a semivariogram. Figure 

2.9(a-b) show the variance of the soil-bedrock contact depth (y-axis) at a distance from the 

geophysical survey transect (“lag distance” on the x-axis). 

 

 

Figure 2.9. Variance of soil-bedrock contact depth at a distance from the geophysical survey 

transect: (a) DC survey depth data with orientation in the direction of drainage axis; (b) DC 

survey depth data in the direction perpendicular to the drainage axis 

 

Bedrock depth variance steadily increases as the topographic trend changes from a 

divergent ridge and convergent valley. The variogram plot in Figure 2.9(a) represents the 
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SW trend). The plot in Figure 2.9(b) represents the variance in interpreted bedrock depth at a 

distance perpendicular to the survey transects (NW-SE trend). 

In the direction of the drainage axis, variance of bedrock depth started relatively low, but 

increased steadily until it reached its maximum (0.5 m2) at a distances ≥20 m (Figure 2.9a) 

Perpendicular to the direction of the drainage axis, variance in soil depth data was sporadic and 

increased steadily with lag distance (Figure 2.9b). Figure 2.10a shows a contour map of the 

difference between the kriged bedrock depth results from the resistivity survey and the measured 

depths from the soil probe survey at the soil probe and Geoprobe locations. The bedrock depths 

were most closely in agreement near the western nose of the drainage basin, and the difference in 

kriged bedrock depths between the two methods was greatest in the downslope area. The large 

difference was likely the result of resistivity anomalies in the B-B’ transect that made depth 

interpretation difficult using our criteria.  

Figure 2.10b shows a plot comparing the measured soil probe ground-truth bedrock 

depths with the interpreted kriged resistivity depths at the locations of the soil probe 

measurements. Lateral displacement from the survey line is defined by the surface distance 

perpendicular to the nearest transect in UTM coordinates. Ground truth measurements are soil 

probe and Geoprobe depth locations. The difference between the interpreted and measured 

bedrock depths had a RMSE of 27 cm for a distance ≤16.5 m from the survey line. Soil probe 

measurement locations that had a large difference between the geophysical data (SD26 and 

SD19) were located in the areas exhibiting large differences, as shown in Figure 2.10a. The 

location of probe SD19 was in the direction perpendicular to the trend of the catchment axis, 

where soil depth predictions vary greatest to actual soil depths in that direction (Figure 2.9b). 

The measurement locations at SD2, SD13, and SD14 exhibited far smaller differences, and were 
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Figure 2.10. Difference between ground-truth and resistivity survey data: (a) contour map of the 

difference in kriged, interpreted bedrock depth from the resistivity survey, and kriged data from 

the soil probe survey; (b) comparison plot between ground truth bedrock depth data and the 

interpreted depths from resistivity modeling. 
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closest to transect lines in the direction of the trend of the drainage axis. From the statistical 

analysis results, it is apparent that the bedrock depths can be more accurately interpolated 

in the direction of the drainage than perpendicular to it. 

2.5.2  Implications and limitations 

 Spurious data points, values that exhibited extreme high or low resistivity values outside 

the practical range in resistivities for the materials present, comprised �10% of the geophysical 

data and were removed from each dataset in the inversions. These high measurement errors 

apparently resulted from the low moisture content of the subsurface materials and/or soil pipes as 

the result of decaying roots or animal burrows, causing a discontinuous electrical connection 

between the surface electrodes and surrounding soil. Boundary effects in each section also 

resulted where resistivity values exhibit high errors close to each survey endpoint. Resistivity 

contours were truncated at the boundaries of each transect in the tomograms of the field survey 

(Figures 2.7b-c). The truncation was likely the result of the influence of inversion boundary 

effects. Consequently, interpretations of the bedrock depth were not made west of the 10-m and 

east of the 86-m surface position (Figure 2.7b). In addition, resolution of resistivity 

measurements was lowest at the endpoints and the bottom of each section, resulting in 

discontinuous contours (Figures 2.7b-c).  

Results of the laboratory analyses of the soil and bedrock showed a decreasing difference 

in measured resistivity for degrees of saturation >70% (Figure 2.5). In cases in which the field 

saturation conditions would obscure the difference in measured resistivity between the two 

materials, the material boundary would be very difficult to locate using the DC resistivity 

method alone. In such cases, other geophysical tools may need to be applied, such as passive 

seismicity (Meric et al. 2007), which measures the S-wave velocities in the subsurface layers. 
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For materials that are rich in clays, resistivity throughout the subsurface would be greatly 

reduced as a result of the relatively high concentration of soluble ions in the pore water (Jougnot 

et al. 2010). Further laboratory experimentation with these materials, such as cation exchange 

capacity and clay content measurements, would need to be conducted to characterize the 

resistivity measurements obtained in the field. During the laboratory experiments, we were 

unable to determine resistance values for degrees of saturation less than 40% as a result of the 

poor electrical contact with the electrodes in the experimental setup. In addition, resistivity 

measurements for degrees of saturation >92% were not possible because the electrodes were 

mobile when in contact with the sample and lost their spacing. More robust laboratory testing 

measures are needed if a survey is conducted on clay-rich materials.  

Limitations with the forward modeling software only allowed for a laterally constricted 

upslope tomogram because of the long extent of the survey transect. The endpoints for each 

modeled transect were also removed because the boundary effects present in each section 

affected the depth interpretations. In contrast to the field geophysical results, the resistivity 

trends with depth in the forward model tomograms did not fall below values of 400 Ω-m and 

exhibited minor gradation with depth. This was likely caused by the assumption of a uniform 

resistivity value set for the bedrock (1,250 Ω-m, as determined by the laboratory measurements 

above). In the field site, hydrostatic conditions are likely not the case, and capillary zones are 

present in unconfined aquifers. The gradational decrease in resistivity with depth in each section 

may be attributed to an increase in saturation as a result of capillary effects resulting from the 

deeper water table. Other inversion techniques, such as the least-squares method with smoothing 

effects, would better test this assumption (Ellis and Oldenburg 1994); but that is not the primary 

focus of this study. 
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Accurate assessment of soil thickness in zero-order drainage basins provides an important 

constraint for estimates of potential failure depths and landslide volumes on steep, colluvium-

mantled slopes. A DC resistivity survey offers a relatively quick and nonintrusive method for 

estimating the bedrock depth over laterally extensive areas compared to manual soil probing. If 

soil and bedrock resistivity values can be differentiated in a DC survey dataset, these data can 

effectively provide soil depth measurement for the area of study. Over the three days required for 

completion of the geophysical survey, we obtained .2,000 resistivity measurements. Hundreds of 

soil probe boreholes would need to be drilled to replicate the spatial density of the dataset from 

the resistivity survey, and small-scale features, such as the soil pipes pointed out by this study, 

may be missed. However, prior knowledge of the approximate bedrock depth increases the 

quality and resolution of the resistivity data through proper planning of electrode spacing. 

Employing a small number of scattered soil probe measurements alongside an extensive 

resistivity survey may be the most efficient means for mapping bedrock depth geometry 

throughout a steepland drainage basin. However, as mentioned previously, other geophysical 

survey techniques, such as passive seismicity (Meric et al. 2007), should be considered for this 

purpose when the soil is near saturation. 

2.6 Conclusions 

We conducted a DC resistivity survey along three transects to construct a soil thickness 

map of a steep, recently clear-cut, zero-order drainage basin. Point measurements of bedrock 

depth obtained using a soil probe were used as ground truth, to test the reliability of the 

resistivity method for constraining bedrock depth in the drainage basin. Measured depth-to-

bedrock ranged from between 0.55 and 3.2 m at the field site. Two soil samples and one bedrock 

sample were taken from the field site. Electrical resistivity of the materials was tested in a 
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laboratory for a range of 40 to 92% degree of saturation. Results from the laboratory 

measurements and point-measurements of bedrock depth were implemented in a forward model, 

to study the resistivity contrast at the soil-bedrock interface. In the model, soil and bedrock 

layers were defined at constant resistivity values of 3,000 and 1,250 Ω-m, respectively. The 

resistivity values were determined from the laboratory tests at a degree of saturation of 50%. 

Topography and depth-to-bedrock in the model were determined from the point-measurement 

data at the field site. A decreasing-with-depth resistivity contrast was found at the soil-bedrock 

interface in the inverted tomograms of the model results. The results were used to help interpret 

the bedrock depths for the field resistivity data.  

In the geophysical dataset, resistivity contours that exhibited a decreasing resistivity 

gradient with depth were apparent for each survey transect. A horizontal resistive layer of 

between 1,000 and 2,000 Ω-m was found in each transect tomogram, and resistivity decreased in 

depth from this contour. The layer was interpreted as the soil-bedrock contact, based on the 

similar trends found from the results in the forward model. High resistivity anomalies of  ≥3,000 

Ω-m were apparent near the surface of the basin, where remnant root networks and tree stumps 

were found in abundance. Areas with irregular topography where colluvial, well-sorted granular 

soil was present also exhibited relatively higher resistivity values, likely the result of the increase 

in pore space and low saturation level of the pores. Calculated resistivity for near-saturated 

sandstone was �300 Ω-m, where a similar trend was apparent for a depth at which saturated 

samples were obtained from the borehole.  

Kriged maps of the depths from the interpreted resistivity data were compared with those 

measured in the field. Both maps indicated that soil thickness was the least on the topographic 

noses of the basin and generally increased with distance downslope. Changes in bedrock depth in 
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the direction of the drainage axis were correlated to within 20 m of surface distance, where 

variance of bedrock depth increased steadily when comparing from convergent valleys to 

divergent ridges. A kriged bedrock depth map from the interpreted resistivity survey had an 

RMSE of 0.27 m when compared with the depths at the soil probe measurement locations taken 

in this study. 
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CHAPTER 3                                                                                                 

EXPERIMENTAL TEST OF THEORY FOR THE STABILITY OF PARTIALLY 

SATURATED VERTICAL CUT SLOPES  

A paper published in Journal of Geotechnical and Geoenvironmental Engineering1 

Michael S. Morse*2, Ning Lu2, Alexandra Wayllace2, Jonathan W. Godt3, and W.A. Take4 

Abstract 

 We extended Culmann’s vertical cut analysis to unsaturated soils. To test the extended 

theory, we compacted unsaturated sand to a uniform porosity and moisture content in a 

laboratory apparatus. A sliding door that extended the height of the free face of the slope was 

lowered until the vertical cut failed. Digital images of the slope cross-section and upper surface 

were acquired concurrently. A recently developed particle image velocimetry (PIV) tool was 

used to quantify soil displacement. The PIV analysis showed strain localization at varying 

________________________________ 
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distances from the sliding door prior to failure. The areas of localized strain were coincident with 

the location of the slope crest post-failure. Shear strength and soil-water characteristic 

parameters of the sand were independently tested for use in an extended analysis of vertical cut 

stability, along with the failure plane angle. Experimental failure heights were within 22.3% of 

our predicted heights with the extended theory. 

3.1 Introduction 

Cut slope and cliff failure are pervasive geotechnical problems that are difficult to 

predict. Events that trigger landsliding and debris-flow formation have been rigorously studied 

(e.g. Iverson et al., 1997; Springman et al., 2003; Godt et al., 2009) to deduce the hydro-

mechanical conditions present at the shear plane prior to failure. Methods for solving slope 

stability problems are constantly being revised as our understanding of slope-failure mechanisms 

improves (Keefer and Larsen, 2007). Cooper et al. (1998) detected incipient motion of a field 

scale clay pit failure using point measurements. Petley (2004) also detected an outward-

propagating failure surface using a network of extensometers and inclinometers during a 

controlled clay slope failure.  

Several studies have been conducted on laboratory-scale mass-movement processes that 

account for the influence of three-dimensional constraints. Iverson et al. (2004) used a laboratory 

apparatus for dry sand avalanches to test a Coulomb continuum model for avalanche motion 

across three-dimensional terrain. Bachmann et al. (2006) observed gravitational slope failures in 

three-dimensional physical models of mountains and mountain slopes using casts of deforming 

liquid and solid hydrocarbons. Harris et al. (2007) used a 70 mm wide box with polypropylene 

walls in a centrifuge to model mass movement processes of a simulated thawing slope. Harris et 
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al. (2007) quantified surface and cross-sectional movement in a three-dimensional laboratory 

slope, but did not account for sidewall friction in their infinite planar slope model. Fox et al. 

(2007) used limit-equilibrium analyses to predict streambank failure of non-cohesive soils. Fox 

et al. (2007) predicted streambank failure to occur sooner than the experiments for 60° and 90° 

slopes, and this discrepancy was attributed to the unaccounted compression forces from the 

sidewalls on the soil. 

In recent years, image-processing techniques such as Particle Image Velocimetry (PIV) 

have been used to obtain particle displacements both in the lab and the field. The PIV technique 

was originally developed to track and quantify particle displacements through flowing media, 

such as water (Adrian, 1991). The tools involved in a typical PIV experiment usually consist of a 

means for capturing high-resolution, digital, still-photographs in a time-series, and an algorithm 

for calculating the correlation between two images for particle displacement quantification 

(Adrian, 1991).  

The PIV technique has recently been modified and adapted for geotechnical applications. 

White et al. (2003) applied the method to measurement of soil deformation using a digital 

camera, correlation protocol, and fixed soil deformation experiments with known particle 

displacements. Barnett et al. (2009) used PIV to quantify the displacement of soil grains from 

earthworm muscle contractions. Arjal et al. (2011) applied the PIV method to data collected 

using a terrestrial laser scanner to measure displacements of slow-moving landslides in the field. 

Desrues and Viggiani (2004) used stereo photogrammetry in the laboratory, similar in concept to 

PIV, to observe strain localization in sand. Hall et al. (2010) used a method called Digital Image 

Correlation, which is again similar to PIV analyses with a digital camera, to measure strain 

localization patterns in granular materials. By using this tool to observe displacements occurring 
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prior to slope failure, the PIV method can produce a dense field of measurements of particle 

displacement that can provide a picture of where incipient motion of a shear plane may occur. 

In this study, we conducted a series of experiments simulating the failure of a vertical cut 

of unsaturated sand. The experiments were performed in an apparatus with a sliding door that 

incrementally increased the height of a free vertical face until an abrupt failure occurred. A 

variable quantity of water was mixed in with the sand, and the sand volume was compacted to a 

uniform density in the apparatus. Soil-water and shear strength parameters were also measured in 

the laboratory to employ in an extended vertical cut theory proposed in this work. The PIV 

method was used to quantify a field of particle displacements throughout the soil volume as the 

sliding door was removed prior to abrupt failure. The PIV displacements were used to delineate 

the angle of the failure plane—a vital parameter in our extended vertical cut analyses—and the 

predictions were compared with the height of the vertical cut observed at the moment of failure. 

3.2  Theoretical background 

 To quantify the role of varying moisture content in the critical height of unsaturated 

slopes, we used a generalized effective stress framework for unsaturated soils. The suction stress 

concept, initially proposed in Lu and Likos (2004; 2006), is an extension of Bishop’s effective 

stress for unsaturated soils:  

 �
 = �� − �� − �−���� − ��� (3.1) 

where �
 is effective stress, � is the total stress of the soil volume, � is the pore air pressure, �� 

is the effective saturation of the pore volume, and � is the pore water pressure. The quantity 

� − � is the matric suction, or soil suction. Suction stress can be conceptualized as the sum of 

the active forces near inter-particle contacts within a soil volume that result in a tensile stress (Lu 
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and Likos, 2006). Lu and Likos (2006) also quantified suction stress, ��, as a function of the 

matric suction and effective saturation by:   

 �� =  −���� − �� = − � − ���� − ��
�� − ��  (3.2) 

where �� is the residual volumetric moisture content, and �� is the moisture content at saturation, 

or the porosity of the soil. Combining Equation (3.1) with (3.2) yields:  

 �
 = �� − �� − �� (3.3) 

The above equations show that the suction stress quantity is reduced to zero when the pore 

volume is completely saturated (� = 0). On the other hand, if a sandy soil is dried to residual 

moisture content, the effective degree of saturation nears zero, and suction stress also becomes 

zero. This important characteristic was missing from Bishop’s effective stress. 

Following van Genuchten’s (1980) soil-water characteristic curve (SWCC) model, the 

normalized effective saturation of a soil sample at equilibrium for a given suction, ua - uw, is: 

 �� =  � 1
1 + ���� − �������� �⁄

 (3.4) 

where � and � are fitting parameters related to the inverse of the air entry value for the saturated 

soil, and the pore size distribution, respectively. Using a simple axis-translation experiment, α 

and n can be determined by solving the inverse solution to the experimental data with van 

Genuchten’s model. Substituting the effective degree of saturation in Equation (3.2) into van 

Genuchten’s (1980) model yields: 

 �� =  − � � − �1 + ���� − �������� �⁄
 (3.5) 

which is the closed form expression for suction stress proposed and validated in Lu et al. (2010) 

for all types of soils. Suction stress portrayed as a function of a soil’s moisture content, or the 
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suction stress characteristic curve (SSCC), can be used to quantify changes in effective stress in 

unsaturated soils. 

3.3  Extension of Culmann’s Theory 

 The applicability of the suction stress concept to effective stresses in unsaturated soils 

provides a convenient means to apply limit-state Mohr-Coulomb type failure analyses to variably 

saturated soils. The classical Mohr-Coulomb failure criterion defines a failure envelope as a ratio 

of shear and normal stresses along a slip plane: 

 � = !
 + �
 tan �′ (3.6) 

where �  is the soil’s shear strength, !
 is the apparent cohesion, and �′ is the internal friction 

angle. Since suction stress is a tensile stress, Equation (3.3) can be combined with Equation (3.6) 

to solve for the apparent cohesion as a function of suction stress and the friction angle (Lu and 

Likos, 2006): 

 !′ = −�� tan �′ (3.7) 

Consequently, the apparent cohesion can be figured for a granular soil at any unsaturated 

moisture condition using the suction stress characteristic curve. 

 The simulated cut slope in this study is a vertical, finite slope with an assumed planar 

failure surface passing through the toe of the slope. Culmann’s (1866) analysis assumes that a 

slope will fail along a plane when the average shear stress, τs, exceeds the average shear strength, 

τf, along that plane. A state of critical equilibrium exists for a potential failure plane where the 

ratio of shear stress to shear strength along that plane is at a minimum. The critical failure plane 

is found by calculating the ratio of shear stress to shear strength for many potential planar failure 

planes that may exist for a single slope. Once the critical angle is determined, the critical height 

of a vertical cut, &'�, can be calculated by: 
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 &'� = 4!′
) * cos ��./0


1 − sin ��./0
 2 (3.8) 

where ) is the unit weight of the soil and ��./0
  is the internal friction angle between the soil 

grains.  

This finite slope analysis is not valid for soils where cohesion is assumed to be zero (i.e. 

sands). However, unsaturated, cohesionless soils generally possess some degree of a suction 

stress. If the apparent cohesion, !′, is substituted for the suction stress function in Equation (3.7), 

the vertical cut analysis can be extended to cohesionless soils by: 

 &'� = −4��
) * sin ��./0


1 − sin ��./0
 2 (3.9) 

 The extended analysis for predicting the critical height of the vertical cut, as well as the 

original Culmann’s analysis, do not account for constraints in the third dimension. However, 

under experimental conditions in a laboratory setting, three-dimensional constraints are 

imminent. Figure 3.1 shows a conceptual drawing of a vertical cut geometry in three dimensions. 

Under any experimental circumstance, a vertical cut of soil in the laboratory would have a 

dimension of thickness, s, in addition to the height, H, and horizontal distance to the potential 

failure plane, b. Finite-slope analyses such as Culmann’s (1866) neglected the third dimension, 

assuming the forces acting along the failure margins were negligible compared to those on the 

failure surface. In general, this assumption provides reasonable results for cohesive soils—

especially when the slope approaches vertical (Taylor, 1948). However, at laboratory scales the 

forces along the margins of the slope failure, or the sidewalls, are not negligible compared to 

those on the failure surface (DuPont, et al. 2003). We modified the extended analysis in Equation 
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(3.9) to account for the third dimension in a vertical cut slope. The modification adds the effect 

of friction from each bounding layer, or sidewall, keeping the thickness of the experimental 

slope, s, constant. The effect of suction stress due to the pore water that is in contact with the 

sidewalls is also taken into account. The result of the extended analysis modified for the 

sidewalls is: 

 &'� = −24�� tan 5 tan ��./0

4) sin 5 �sin 5 − 26. tan ���00
 − cos 5 tan ��./0
 � + 2�� sin 5 tan ���00
  (3.10) 

where ���00
  is the friction angle between the soil and one of the sidewalls, and 6. is the 

coefficient of lateral earth pressure. The suction stress quantity, ��, in Equation (3.10) is solely 

the suction stress of the soil at its present moisture content as calculated by Equation (3.5). A full 

derivation of Equation (3.10) can be found in Appendix A.  

Figure 3.1. Conceptual model of vertical cut with sidewalls separated by distance, s. 

3.4 Experimental Methodology 

 To test the extended theory proposed above, we constructed a vertical cut slope apparatus 

in the laboratory. The apparatus was rectangular in shape, rested on a tabletop, and was 62 cm 
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long by 20 cm wide by 40.5 cm high (Figure 3.2). A cohesionless, semi-homogenous sand (sold 

as Granusil 2095; Unimin Corporation, 2007) with relatively coarse grains (d50 = 1.4 mm; 

Unimin Corporation, 2007) was used in the vertical cut experiments. Before commencing with 

the failure experiments and PIV assessments, the soil-water and shear strength properties of the 

experimental soil were characterized.  

3.4.1 Testing of Sand Parameters 

The van Genuchten (1980) soil-water parameters of the sand were measured using an 

axis-translation flow-cell in the laboratory (Wayllace and Lu, 2012). Using the SWCC obtained 

with this method, we calculated the SSCC from Equation (3.5) above.  

The friction angle between the sand particles, ��./0
 , was determined using a dry direct 

shear test of the soil. To obtain the friction angle between the sand and the wall, ���00
 , we 

constructed a tilting table using one of the acrylic simulator sidewalls as the failure surface. The 

procedure was similar to those used in Buffington et al. (1992) and Iverson et al. (2004). To 

properly estimate the contact between the sand and acrylic sidewall in the cut slope experiments, 

the sand was compacted to the same porosity as our vertical cut experiments. The target porosity 

for the failure experiments was 0.415. To achieve this homogeneous porosity for our ���00
  tests, 

we filled a rigid, 9 x 13’’ (22.9 x 33.0 cm) cake pan with 5 kg of coarse sand. The top of the sand 

volume was flush with the top of the cake pan, and the sidewall was placed on to the filled pan. 

The sidewall was then placed upside down on the tilting table with the cake pan keeping the sand 

mold intact. Angle of the tilting table was measured using an electronic level fastened to the base 

of the table. The table was tilted at an average speed of 0.1o per second for each trial. The friction 

angle was defined as the angle of the table when the pan and sand volume rolled off the surface 
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of the sidewall. Ten trials were conducted in all, and the average ���00
  value was used in our 

calculations. 

The coefficient of lateral earth pressure, Ko, was estimated using the Jaky (1948) 

equation:  

 6. = 1 − sin ϕ�./0
  (3.11) 

 

 

Figure 3.2. Images of the laboratory vertical cut simulator. (a.) Side view of simulator with 

Particle Image Velocimetry (PIV) grid of patches (x-z coordinate plane); (b.) Top view of 

simulator with PIV grid (y-x coordinate plane). Photo credit: M.S. Morse. 

 

3.4.2 Vertical Cut Experiments 

 To effectively characterize deformation at the shear plane measured from the PIV tool, 

each experiment needed to progress until abrupt failure. Figure 3.2 shows the side and top view 

of the vertical cut apparatus. The sliding door was fit into grooves machined into the sidewalls 

located at the right-hand side of the x-z plane (side-view), and the top of the x-y plane (top-view, 

Figure 3.2). The sidewalls were fastened to an aluminum plate at one end, and an aluminum plate 
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on bottom to minimize deflection. The sidewalls were additionally reinforced on top with small 

(0.6 cm wide) aluminum beams at the sliding door, and at the center of the apparatus.  

For repeatability, the consolidation and moisture content distribution of the soil volume 

needed to be as well controlled as possible. Prior to each experiment, a measured volume of 

water was added to the dry sand in a large tub and mixed by hand. The tub was covered in plastic 

wrap to prevent evaporation, while the partially saturated sand was poured into the cut slope 

apparatus 6 kg at a time. We used a maximum soil moisture content of 0.05, where surface 

tension dominates over gravity-driven pore water seepage. We used a custom compaction 

hammer to compact the mass of sand after being poured in the apparatus. The 5.9-kg hammer 

was precisely the width of the cut slope apparatus, and was dropped from a height of 10 cm at 

consistent locations across the length of the apparatus. The process was repeated for a total of 60 

kg bulk weight of material. The apparatus was then sealed with plastic wrap to prevent escape of 

moisture through evaporation. Samples of the moist sand were weighed for moisture content 

measurement prior to being compacted. 

Removal of the sliding door commenced immediately after the soil was prepared. The 

sliding door was incrementally lowered 0.5 cm from the top to expose more height of the vertical 

cut. After the door was lowered each increment, we used two digital cameras (Nikon D80 and 

Nikon D3000, with Nikkor 18-135 mm and 18-55 VR lenses, respectively) to capture digital 

images of the soil volume on both the x-z plane, and the x-y plane (Figure 3.2). The side-view (x-

z plane) camera was fastened to a tripod placed 1.3 m away from the sidewall. The camera 

viewfinder was centered on the cut slope apparatus at an angle directly incident to the sidewall 

surface. The top-view (x-y plane) camera was attached to a custom immobile stand that rested on 

top of the apparatus. The camera was pointed down and leveled to ensure the lens was incident to 



 

 

48

the x-y plane. Each image was captured at both cameras simultaneously via wireless remote 

shutter. The tripod, top stand, and remote shutter were essential for minimizing movement of the 

cameras for the duration of each experiment to reduce error in the PIV calculations.  

The failure height was recorded as the height of the vertical cut exposed by the sliding 

door at the moment abrupt failure occurred. Samples were immediately taken from the remaining 

sand volume in the box, weighed, and placed in an oven for moisture content measurement.  

3.4.3 PIV Analysis 

We used GeoPIV 8 (White et al., 2001) to detect displacement of the sand particles in 

each failure experiment. Digital images taken of the sidewall and top-view at every door sliding 

increment were uploaded to the GeoPIV software. A grid of patches was defined for an area 20 

cm long by 30 cm high just to the left of the door for the side-view images, and a grid 20 cm by 

20 cm directly behind the door for the top-view (Figure 3.2). Each patch measured 80 by 80 

pixels (about 6.5 × 6.5 mm), and was designed to encompass several soil grains to accurately 

capture the particle displacements. The image of the cut slope apparatus at the time when the 

sliding door was at the top position (H = 0 cm) was used as the reference image. All the 

subsequent images in the series were compared to the reference image to calculate 

displacements, in pixels, of the center of each patch. White et al. (2003) provides a more detailed 

explanation on the sub-pixel cross-correlation procedure between the reference and measurement 

images.  

The resulting displacements from the PIV analyses were converted from pixels to 

millimeters using marks on the cut slope apparatus that were separated by a known distance. A 

small (sub-pixel to several pixel) error occurred from miniscule movements of the cut slope 

apparatus and/or camera during the experiment as the door was being lowered. This “field” error 
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was corrected by removing the apparent particle displacements at the far left-hand boundary of 

the PIV patch grid furthest from the sliding door at that height elsewhere in the grid. Through 

dozens of experiments conducted with the apparatus, we have not observed any displacement at 

the far left field of the PIV grid resulting from door sliding. The entire suite of images and 

corresponding PIV vector plots were observed to study the evolution of the vector field as the 

sliding door was removed before failure.  

 

Table 3.1. Soil-water and strength properties of the experimental sand. 

 

 

Table 3.2. Moisture content, porosity, and failure height data for the eight vertical cut 

experiments. 

 

Internal 

friction 
angle, 

`soil (
o
) 

Soil-wall 

friction 
angle, 

`wall (
o
) 

Coefficient 

of lateral 
earth 

pressure, 

Ko 

Van genuchten 
(1980) parameters 

(drying) 
Saturated 

moisture 
content, 

s 

Residual 

moisture 
content, 

r  (cm
-1

) n 

57.5 ±

4.7

 24.8 ±

0.4
 0.16 0.27 4.48 0.386 0.009 

Experiment 

Volumetric 

moisture 

content,  

Compacted 

porosity 

Unit 

weight, 

 (kN/m3
) 

Mean 
suction 

stress, 
s
 (kPa) 

Experimental  
failure 

height, Hcr 

(cm) 

A 0.011 ± 5.77E-4 0.399 ± 0.006 15.73 -0.007 3.9 

B 0.014 ± 5.15E-4 0.400 ± 0.006 15.72 -0.017 7.7 

C 0.018 ± 9.03E-4 0.412 ± 0.009 15.46 -0.024 9.7 

D 0.022 ± 4.53E-4 0.411 ± 0.007 15.53 -0.033 11.8 

E 0.029 ± 1.42E-3 0.413 ± 0.007 15.55 -0.045 13.3 

F 0.038 ± 2.57E-3 0.407 ± 0.007 15.79 -0.059 21.5 

G 0.046 ± 3.34E-3 0.413 ± 0.005 15.71 -0.068 24.4 

H 0.045 ± 3.17E-3 0.412 ± 0.005 15.73 -0.070 25.0 
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Figure 3.3. Modeled soil-water characteristic function for the experimental soil using the 

parameters in Table 3.1 for the drying case. The suction stress characteristic curve was calculated 

using Equation (3.5) for the same range of moisture contents. 

 

3.5  Results 

 Results from the laboratory testing of the soil shear strength and moisture retention 

function are summarized in Table 1. A friction angle of 57.5o between soil grains, ��./0
 , was 

measured from six separate direct shear tests. The SWCC and calculated SSCC obtained from 

the flow-cell experiment are plotted in Figure 3. The curves were used to dictate the amount of 

water mixed with the soil volume for the vertical cut experiments. 

Results from eight different vertical cut experiments are summarized in Table 2. Suction 

stresses in the samples ranged from -0.007 to -0.07 kPa. Compacted porosity ranged from 0.4 in 

the drier samples, to 0.41 for the samples with higher moisture content. Failure heights ranged 

from 3.9 cm for the driest sample to 25 cm for the wettest mixtures.  
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Figure 3.4 shows one side-view soil displacement vector plot calculated using the PIV 

analysis. As the experiments progressed, vectors increased in magnitude and maintained a 

constant orientation of about 60° downslope. Deformation decreased in magnitude with depth 

and with distance away from the slope face. Figure 3.5 shows the PIV vectors from the top-view 

calculated at the same instant as those in Figure 3.4. Vector orientation was dominantly in the x-

direction (toward the slope face) near the center of the soil volume. 

 

Figure 3.4. Raw result (in pixels) of particle displacement at the side-view (x-z coordinate plane) 

for a slope height of 10 cm compared to the image where slope height = 0 cm. Photo credit: M.S. 

Morse. 

 

Our measurement system detected PIV patch movement resulting from slope deformation 

(after far-field and out-of-plane displacement correction) as low as 0.6 pixels, or about 0.05 mm 

of actual particle displacement. The set of results from Experiment E (Table 3.2) were plotted 

into contour maps of total resultant magnitude (x- and z-components for side-view, and x- and y-

components for the top-view) for three different slope heights. The side-view contour plots are 

shown in Figure 3.6 and the top-view vector magnitudes are plotted in Figure 3.7. The vertical 



 

 

52

cut failed at a height of 13.3 cm in Experiment E (Table 3.2). The plots show progression of the 

vector magnitudes as the slope height was increased (Figures 3.6 and 3.7). In the side-view plots 

(Figure 3.6), total magnitudes increased as the slope height (H) was increased, and contour shape 

remained nearly constant - oriented about 60° downslope. In the top view plots (Figure 3.7), 

magnitudes also increased and the 0.1-mm contour line migrated away from the slope face as H 

was increased. 

 

 

Figure 3.5. Raw result (in pixels) of particle displacement at the top-view (y-x coordinate plane) 

for a slope height of 10 cm compared to the image where slope height = 0 cm. Displacement in 

the y-direction was assumed to be error resulting from movement of the grains out of the y-x 

plane. Photo credit: M.S. Morse. 
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Figure 3.6. Plotted resultant vector magnitudes at the side-view for Experiment E (θ = 0.029). 

Height of failure was 13.3 cm. Photo credit: M.S. Morse. 

 

3.6 Analysis and Discussion 

3.6.1 Top-view deformation 

 Displacement contours from the top-view PIV analyses show a parabolic shape that 

resembled the shape of the slope crest post-failure. While H was increased, displacement 

magnitudes increased and migrated away from the sliding door during each experiment. Because 

the principal movement of the soil volume was in the x-direction—toward the sliding door—we 

calculated strain in the x-direction by taking the first directional derivative of the PIV 

displacements in the top-view. Strain in the x-direction for H=13 cm in Experiment E is shown in  
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Figure 3.7. Plotted resultant vector magnitudes at the top-view for Experiment E (θ = 0.029). 

Height of failure was 13.3 cm. The sliding door was in the direction toward the top of each of the 

contour plots. Apparent displacement resulting from sand movement out of the x-y plane was 

corrected. Photo credit: M.S. Morse. 
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Figure 3.8. Calculated strain in the x-direction (toward the sliding door) when H = 13 cm in 

Experiment E.  Height of failure was 13.3 cm. The dashed line was superimposed from the exact 

location of the crest from the top-view image after slope failure. 

 

Figure 3.8. The slope crest is outlined in Figure 3.8 as the dashed line where the slope failed 

once H was extended to 13.3 cm. The future crest nearly coincides with the location and shape of 

the area of highest calculated strain in the x-direction (Figure 3.8). As H was increased, the area 

of highest strain localization increased in magnitude, but remained at the same location until 

abrupt failure.  

The same strain calculations and slope crests were plotted for the remaining experiments 

where H was just before failure (Figure 3.9). For the lower moisture contents (Experiments A-F), 

the highest magnitude of strain localization is at the future location of the post-failure crest. 

Experiments with higher moisture contents (Experiments G and H) showed a larger area of strain  

localization, with the location of the slope crest occurring more toward the bottom of the strain 

localization area.  
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Figure 3.9. Calculated strain in the x-direction, toward the sliding door, for Experiments A-D 

and F-H. The dashed lines were added similarly as they were in Figure 3.8 Location of the 

sliding door was toward the top (x = 0 cm) of each of the plots. 
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We concluded the strain localization at the top surface of the soil volume indicates the 

potential for abrupt failure at that location. The strain computation delineates incipient shear 

movement from an apparent uniform deformation of the vertical cut. The angle of the failure 

plane, 5, can then be assumed for our extended vertical cut analysis at that value of H, assuming 

the failure plane extends to the toe as in Culmann’s (1866) analysis. 

3.6.2 Side-view analysis 

 The PIV displacement magnitudes from the side-view PIV calculation did not clearly 

identify the location of incipient failure plane movement. Side-view contours were oriented 

downslope about 60°, which were not consistent with angle of the slope post-failure (~72° in all 

experiments). If 5 is assumed to be 60°, there is no solution for Equation (3.10) for any quantity 

of soil moisture content because the shear force does not exceed that of the resistant normal force 

from the sliding block. Once more, the extended vertical cut analyses assume the failure plane 

extends to the toe of the exposed cut, as derived from Culmann’s original analysis (1866). The 

displacement contours in Experiment E (Figure 3.6) did not extend to the toe of the exposed cut 

when H was 10 cm and greater. Strain in the x-direction was also calculated for the side-view 

images, but the results were inconclusive for determining the failure plane location at the toe and 

crest. 

3.6.3 Using PIV for Extended Vertical Cut Analysis 

 We calculated the critical failure height, &'�, by inputting the variables in Tables 3.1 and 

3.2, and the failure plane angle, 5, to Equations (3.9) and (3.10). The failure plane angle was 

estimated by taking the tangent of the slope height, H, over the distance from the sliding door to 

the highest strain calculated from the top-view PIV analysis. Results of the calculations for each 

of our vertical cut experiments are plotted in Figure 3.10, along with the experimental slope 
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height at the time of failure. Calculated critical failure heights had a RMSE of 22.3% compared 

to the experimental failure heights accounting for the sidewall friction. The extended analysis 

without sidewall friction had a RMSE of 88.5% compared to the experiments. Both analyses 

under predicted the height of failure, but the addition of the sidewall effect improved predictions 

over that if these effects were neglected (Figure 3.10). The variability in predicted H, represented 

by the error bars, was calculated from the different moisture content measurements of the soil 

volume after each experiment (Table 3.2). The addition of the sidewall modification to the 

vertical cut analysis suggests that the PIV method can be used to predict critical height of a 

laboratory vertical cut when calculating strain localization at the top of the soil volume. 

According to the plot in Figure 3.10, the modified assessment would predict failure soon prior to 

the actual event as the experimental vertical cut approaches &'�. Accordingly, the comparison of 

the extended analysis to the experimental data in Figure 3.10 presents some key points of 

discussion.  

First, it is likely that failure may have occurred along the critical shear plane prior to 

abrupt failure. Our method of processing the PIV data in this study suggests incipient motion of 

the failure plane, but no quantitative or visible definition of “failure” prior to an abrupt failure 

event. We also assumed a perfectly plastic failure mechanism, while the soil has an elasto-plastic 

stress-strain curve. Because of the gradual change in the wall height, the actual stress-strain 

response may have led to a progressive failure mechanism. Further examination of this 

phenomenon would need to be pursued to provide a working definition of a vertical cut slope 

failure.  
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Figure 3.10. Comparison between the experimental failure heights and the predicted critical 

heights for each of the eight experiments in this study. The diagonal line represents 1:1 

regression. Shapes with no fill represent results from the extended vertical cut analysis without 

sidewall correction—using only the suction stress extension for cohesionless soils. Shapes filled 

in with black represent results from the extended analysis modified for sidewall friction. 

 

Heterogeneities in the soil moisture content and compaction would have an influence on 

the strain localization computed for the different slope heights. Results for the experiments with 

higher moisture contents (Figure 3.9) show several possible locations of strain localization, and 

by our definition, incipient failure plane motion. Although the experiments were conducted 

almost immediately after moisture addition and compaction, water was likely redistributing in 

the sand toward hydrostatic conditions. Higher moisture content would likely result in greater 

moisture redistribution, therefore, heterogeneity of the soil moisture may be larger for these 

experiments relative to those with lower moisture contents. In addition, possible effects of 
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arching in the compacted soil associated with the sidewalls were not considered in the measured 

movement of the soil mass, and may be responsible for the discrepancy in our predictions.  

 The analysis proposed in this study also assumes the failure surface is planar. Shear 

planes obtained in the experiments were slightly non-planar and curved upward. Simplification 

of the failure surface shape in our extended analyses may have contributed to the consistent 

under prediction of the critical failure heights. Our tests showed a mean β of 69.4°, which was 

slightly less than the predicted β from Rankine’s active theory (73.8°). Accounting for the 

curvature of the failure plane would likely improve predictions of failure height. 

 Finally, measured soil strength in laboratory experiments has been shown to be 

dependent on scale (e.g. Skempton and Hutchinson, 1969; Garga, 1988). Bonala and Reddi 

(1999) explained the scale dependency of soil shear strength experiments by attributing it to 

spatial heterogeneities such as fissures and joints that may occur in granular volumes greater than 

the one we used in our vertical cut slope experiment. Iverson et al. (2004) also showed that 

cohesive forces have a much greater effect in small-scale (<1 m) granular avalanches than in 

larger, geophysical avalanches, and suggested it was best to use completely dry material when 

using small-scale experiments to model an ideal granular avalanche. The vertical cut analyses in 

this study were derived from finite slope analyses often used in field-scale studies. The analysis 

presented here can be easily applied to experiments on a larger scale (i.e. meters scale) that may 

improve the comparison between the experimental and calculated failure heights reported in our 

study. 

 Suggested future work to further test the extended vertical cut analysis modified for the 

effect of sidewall friction would include an improved apparatus designed to change the distance 

between the sidewalls, s, to test the effect of the critical slope height for different sidewall 
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thicknesses. A wider s can also allow for different soils (e.g. with smaller d50, more fines) to be 

used in the failure experiments. In larger, field scale stability problems where slope height is tens 

of meters or greater, body forces from the soil’s unit weight accounts for a greater fraction of the 

total friction forces on a failure plane than suction stress. Similarly, when two sidewalls are less 

than a meter apart, suction stress will account for most of the total friction forces resulting from 

the sidewalls.  

A dimensionless ratio between the critical slope height and the distance between 

sidewalls (&'�/s) can be plotted for each type of soil to identify the distance between sidewalls 

for other vertical cut experiments. This provides a means to estimate the optimal sidewall 

separation needed to obtain failure heights that are practical for laboratory settings. In addition, 

soils with higher moisture contents could also be tested in an apparatus designed to maintain 

pore water pressures. For example, experiments can be conducted where the water table height 

would be controlled to examine the effect of water table fluctuation on the critical height of a 

vertical cut.  

3.7 Conclusions 

 Culmann’s theory (1866) for the critical height of vertical slopes was extended to 

unsaturated conditions. The extended theory also accounted for the effects of the friction and 

cohesion along the lateral margins, which is applicable for all laboratory slope stability 

experiments. A tool that is being increasingly applied to geotechnical tasks, Particle Image 

Velocimetry (PIV), was used to quantify and detect incipient particle motion as small as 0.05 

mm prior to failure. The PIV results were also used to estimate the angle of the failure plane to 

predict the critical height of failure using the extended analyses proposed here.  
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 Failure heights ranged from 3.9 cm for the lowest moisture content, to 25 cm for the 

highest. A displacement field was observed where the highest magnitudes occurred toward the 

sliding door and gradually decreased in magnitude with distance away from the door. Strain in 

the direction toward the sliding door was calculated from the top view to be 0.5 to 2.5 %. The 

region of highest strain localization coincided with the eventual location of crest of slope failure.  

Using the failure angle, soil-water, and soil strength parameters, we predicted the critical failure 

height with a mean error of 22.3% using the extended vertical cut analysis. 
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CHAPTER 4 

EVOLUTION OF STRAIN LOCALIZATION IN VARIABLE WIDTH, THREE-

DIMENSIONAL UNSATURATED LABORATORY-SCALE CUT SLOPES 

A paper to be submitted to Journal of Geotechnical and Geoenvironmental Engineering 

Michael S. Morse, Ning Lu, Alexandra Wayllace, Jonathan W. Godt 

Abstract 

We measured increasing strain localization in unsaturated slope cuts prior to abrupt failure. Cut 

slopes width and moisture content were controlled and varied in a laboratory. A sliding door that 

extended the height of the free face of the slope was lowered until the cut slope failed. Digital 

images of the slope cross-section (x-z plane) and top surface (x-y plane) were acquired 

concurrently. A particle image velocimetry tool was used to quantify soil displacement in the x-y 

and y-z planes and strain was calculated from the displacement. We consistently observed 

highest strain localization at the eventual location of the failure plane. Shear strength and soil-

water characteristic parameters were measured to check the experimental results with an 

extended analysis of vertical cut stability. Experimental failure heights agreed with the extended 

theory (within 14.3% relative error) for a range of soil moisture content and cut slope widths. 

4.1  Introduction 

Cut slope and cliff failure are pervasive geotechnical problems that are difficult to 

predict. Failure of variably saturated slope cuts can lead to potentially dangerous debris-flow 

formation (Iverson et al., 1997). Recent research efforts to improve failure prediction models 

have focused on the hydro-mechanical conditions present at the grain scale prior to slope 

movement (e.g. Springman et al., 2003; Godt et al., 2009; Iverson and George, 2016). As a 

result, methods for solving slope stability problems are constantly being revised as technology 
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and our understanding of slope-failure mechanisms in different landscapes improves (e.g. Keefer 

and Larsen, 2007; Morse et al., 2012).  

Most of the slope stability analysis have been done by considering two-dimensional cross 

sections. However, some studies (e.g., Stark and Eid, 1998; Aktar and Stark, 2014) indicate that 

the side friction could be significant if a slope is deep in the third dimension. Several other 

studies have been conducted on laboratory-scale mass-movement processes that account for the 

influence of three-dimensional constraints. Iverson et al. (2004) used a laboratory apparatus for 

dry sand avalanches to test a Coulomb continuum model for avalanche motion across three-

dimensional terrain. Bachmann et al. (2006) observed gravitational slope failures in three-

dimensional physical models of mountains and mountain slopes using casts of deforming liquid 

and solid hydrocarbons. Harris et al. (2007) used a 70 mm wide box with polypropylene walls in 

a centrifuge to model mass movement processes of a simulated thawing slope. Harris et al. 

(2007) quantified surface and cross-sectional movement in a three-dimensional laboratory slope, 

but did not account for sidewall friction in their infinite planar slope model. Fox et al. (2007) 

used limit-equilibrium analyses to predict streambank failure of non-cohesive soils. Fox et al. 

(2007) predicted streambank failure to occur sooner than the experiments for 60° and 90° slopes, 

and this discrepancy was attributed to the unaccounted compression forces from the sidewalls on 

the soil. Morse et al. (2014) proposed an extension to Culmann’s original analysis (1866) for 

predicting critical height of cut slopes that accounts for the frictional effects in the third 

dimension in unsaturated sand.  

In recent years, image-processing techniques such as Particle Image Velocimetry (PIV) 

and Digital Image Correlation (DIC) have been used for geotechnical applications to obtain 

particle displacements both in the lab and the field. These methods can produce a dense field of 
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measurements of particle displacement that can provide a picture of where strain localization 

develops (e.g. Desrues and Viggiani, 2004; Hall et al., 2010) or even incipient motion of a shear 

plane may occur (Morse et al., 2014).  Arjal et al. (2011), for instance, also applied the PIV 

method to data collected using a terrestrial laser scanner to measure displacements of slow-

moving landslides in the field, showing these methods can be readily applied to a variety of 

scales. 

 Techniques such as PIV are well suited for detailed measurements of geotechnical 

phenomena of shear banding and strain localization often studied in controlled lab environs. 

Mooney et al. (1998) used stereophotogrammetry in drained plane-strain compression 

experiments to identify formation of persistent shear bands formed after temporary 

manifestations of strain localization. Rechenmacher (2006) used DIC to measure 3D 

displacements in sand over short time steps using plane-strain and triaxial compression 

experiments. Borja et al. (2013) used a suite of X-ray Computed Tomography, DIC, and finite 

element models to show how spatial density variation influences development of persistent shear 

bands in a symmetrically loaded sand volume.  

 The above studies exemplify the adequate resolution and density of DIC and PIV 

measurements required to qualitatively characterize strain localization phenomena. In this study, 

we measure strain localization as it develops during a gradual, finite planar failure mechanism in 

unsaturated sand. The experiments were performed in an apparatus with a sliding door that 

incrementally increased the height of a free vertical face until an abrupt failure occurred. The 

sand volume in the apparatus was mixed to a varying degree of saturation, and the sidewall 

constraints were placed at three different widths to study the effect of sidewall friction for 

different slope geometries. Soil-water and shear strength parameters were measured to reconcile 
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with the extended critical height theory proposed in Morse et al. (2014). We used PIV 

measurements in three dimensions to quantify a field of particle displacements throughout the 

soil volume at different times throughout each failure experiment. Results from the PIV data 

were used to calculate strain development for each time step prior to abrupt cut slope failure, 

showing the progression of strain localization incrementally. The experimental results presented 

herein are intended to provide a basis from which numerical models of strain localization can be 

predicated. Additionally, we test a theoretical threshold for sidewall influence on laboratory cut 

slope failures and propose a quantified relationship between normalized sidewall width and 

critical height. The relationship is intended for consideration in future laboratory apparatus 

construction for geotechnical testing. 

4.2  Theoretical background 

The simulated cut slope in this study is a vertical, finite slope with an assumed planar 

failure surface passing through the toe of the slope (Figure 4.1). The ubiquitous assessment for 

this type of slope is Culmann’s (1866) analysis, which assumes that a slope will fail along a 

plane when the average shear stress, τs, exceeds the average shear strength, τf, along that plane. A 

state of critical equilibrium exists for a potential failure plane where the ratio of shear stress to 

shear strength along that plane is at a minimum. The critical failure plane is found by calculating 

the ratio of shear stress to shear strength for many potential planar failure planes that may exist 

for a single slope. Once the critical angle is determined, the critical height of a vertical cut, &'�, 

can be calculated by: 

 &'� = 4!′
) * cos ��./0


1 − sin ��./0
 2 (4.1) 
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where ) is the unit weight of the soil and ��./0
  is the internal friction angle between the soil 

grains.  

 

Figure 4.1: Diagram of 3-dimensional laboratory cutslope with planar failure plane (from: 

Morse et al., 2014). 

 

Culmann’s original analysis was proposed with the a couple certain assumptions. First, it 

is applied to a two-dimensional slice of slope cut and any physical influence from the third 

dimension is negligible. The method may also not be applied to cohesionless soils (i.e. 

unsaturated sands) since a null cohesion term would result in a slope with zero critical height, 

according to Equation (4.1). DuPont, et al. (2003) recently showed that at laboratory scales the 

forces along the margins of the slope failure, or the sidewalls, are not negligible compared to 

those on the failure surface. Furthermore, the suction stress concept, initially proposed in Lu and 

Likos (2004; 2006), is a function of a soil’s moisture content and has been used to quantify 

changes in effective stress in unsaturated soils (e.g. Lu et al., 2010; Lu and Kaya, 2013, etc.). 

H

β
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Therefore, it can be argued that the two main assumptions for Culmann’s Method may neglect 

stresses influential to a slope cut’s stability. 

4.2.1 Basis for Suction Stress 

The suction stress concept is an extension of Bishop’s effective stress for unsaturated 

soils:  

 �
 = �� − �� − �−���� − ��� (4.2) 

where �
 is effective stress, � is the total stress of the soil volume, � is the pore air pressure, �� 

is the effective saturation of the pore volume, and � is the pore water pressure. The quantity 

� − � is the matric suction, or soil suction. Lu and Likos (2006) also quantified suction stress, 

��, as a function of the matric suction and effective saturation by:   

 �� =  −���� − �� = − � − ���� − ��
�� − ��  (4.3) 

where �� is the residual volumetric moisture content, and �� is the moisture content at saturation, 

or the porosity of the soil. Combining Equation (4.2) with (4.3) yields:  

 �
 = �� − �� − �� (4.4) 

The above equations show that the suction stress quantity is reduced to zero when the pore 

volume is completely saturated (� = 0). On the other hand, if a sandy soil is dried to residual 

moisture content, the effective degree of saturation nears zero, and suction stress also becomes 

zero. This important characteristic was missing from Bishop’s effective stress. 

Following van Genuchten’s (1980) soil-water characteristic curve (SWCC) model, the 

normalized effective saturation of a soil sample at equilibrium for a given suction, ua - uw, is: 

 �� =  � 1
1 + ���� − �������� �⁄

 (4.5) 
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where � and � are fitting parameters related to the inverse of the air entry value for the saturated 

soil, and the pore size distribution, respectively. Using a simple axis-translation experiment, α 

and n can be determined by solving the inverse solution to the experimental data with van 

Genuchten’s model. Substituting the effective degree of saturation in Equation (4.2) into van 

Genuchten’s (1980) model yields: 

 �� =  − � � − �1 + ���� − �������� �⁄
 (4.6) 

which is the closed form expression for suction stress proposed and validated in Lu et al. (2010) 

for all types of soils – including sands. Suction stress portrayed as a function of a soil’s moisture 

content, or the suction stress characteristic curve (SSCC), is used to quantify changes in effective 

stress in unsaturated soils. 

The applicability of the suction stress concept to effective stresses in unsaturated soils 

provides a convenient means to apply limit-state Mohr-Coulomb type failure analyses to variably 

saturated soils. The classical Mohr-Coulomb failure criterion defines a failure envelope as a ratio 

of shear and normal stresses along a slip plane: 

 � = !
 + �
 tan �′ (4.7) 

where �  is the soil’s shear strength, !
 is the apparent cohesion, and �′ is the internal friction 

angle. Since suction stress is a tensile, Equation (4.4) can be combined with Equation (4.7) to 

solve for the apparent cohesion as a function of suction stress and the friction angle (Lu and 

Likos, 2006): 

 !′ = −�� tan �′ (4.8) 

Consequently, the apparent cohesion can be figured for a granular soil at any unsaturated 

moisture condition using the suction stress characteristic curve. 
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If the apparent cohesion, !′, is substituted for the suction stress function in Equation (4.8), 

the Culmann’s original analysis can be extended to cohesionless soils by: 

 &'� = −4��
) * sin ��./0


1 − sin ��./0
 2 (4.9) 

4.2.2 Basis for Sidewall Friction 

Morse et al. (2014) recently modified Culmann’s analysis to include cohesionless soils 

and three-dimensional slope cut geometries. Under any experimental circumstance, a vertical cut 

of soil in the laboratory would have a dimension of thickness, s, in addition to the height, H, and 

horizontal distance to the potential failure plane, b (Figure 4.1). The modification added the 

effect of friction from each bounding layer, or sidewall, keeping the thickness of the 

experimental slope, s, constant. The effect of suction stress due to the pore water that is in 

contact with the sidewalls is also accounted for. The result of the extended analysis modified for 

the sidewalls is: 

 &'� = −24�� tan 5 tan ��./0

4) sin 5 �sin 5 − 26. tan ���00
 − cos 5 tan ��./0
 � + 2�� sin 5 tan ���00
  (4.10) 

where ���00
  is the friction angle between the soil and one of the sidewalls, and 6. is the 

coefficient of lateral earth pressure. The suction stress quantity, ��, in Equation (4.10) is solely 

the suction stress of the soil at its present moisture content as calculated by Equation (4.6). A full 

derivation of extended vertical cut theory can be found in Appendix A in Morse et al. (2014).  

 Dividing the critical height term by the unit weight, ), and suction stress �� quantities in 

Equation 4.10 yields a dimensionless critical height that is proportional to a dimensionless 

sidewall width by: 

&'�)
�� ∝ ��

4) (4.11) 
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which relates the sidewall width to critical height more directly. The relationship between the 

two dimensionless terms is plotted in Figure 4.2, showing the theoretical exponential increase in 

a given slope cut’s critical height as distance between two sidewalls is decreased. The critical 

slope height term becomes asymptotic past a given sidewall width, suggesting that three-

dimensional effects due to the sidewalls become negligible for sufficiently wide soil geometries. 

Figure 4.2 shows a proposed normalized critical height at 10% greater than the asymptotic value 

that may work as a theoretical threshold between experimental slope constraints that influence 

slope stability, or two-dimensional conditions can be effectively assumed.  

 

 

Figure 4.2: Theoretical curve showing the relationship of dimensionless sidewall width to 

dimensionless critical slope height using the extended vertical cut theory. We propose that 

sidewall width has a significant impact on three-dimensional failure in the region to the left of 

the dashed line, where the region to the right of the dashed line would be an effective two-

dimensional problem with the influence of sidewall friction negligible. The reciprocal of the 

normalized sidewall width in Equation (4.11) is plotted here to best conceptualize this 

relationship. 

4.3 Experimental Methodology 

4.3.1 Testing of Sand Parameters 
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Before commencing with the failure experiments and PIV assessments, the soil-water and 

shear strength properties of the sand were characterized. The van Genuchten (1980) soil-water 

parameters of the sand were measured using an axis-translation flow-cell in the laboratory 

(Wayllace and Lu, 2012). From the resulting soil-water characteristic curve (SWCC), the suction 

stress characteristic curve (SSCC) was also calculated using the methods in Lu and Likos (2006). 

The SWCC and SSCC (Figure 4.3) helped dictate the range of saturation levels to mix the soil in 

the slope cut experiments. The soil was mixed to a maximum degree of saturation of 0.1, where 

surface tension dominated over gravity-driven pore water seepage, and a minimum saturation of 

0.05, which was near the low saturation boundary of the funicular regime. 

The friction angle between the sand particles, ��./0
 , was determined using a dry direct 

shear test of the soil. To obtain the friction angle between the sand and the wall, ���00
 , we 

constructed a tilting table using one of the acrylic simulator sidewalls as the failure surface. The 

procedure was similar to those used in Buffington et al. (1992) and Iverson et al. (2004). To 

properly estimate the contact between the sand and acrylic sidewall in the cut slope experiments, 

the sand was compacted to the same porosity as our vertical cut experiments. The target porosity 

for the failure experiments was 0.415. To achieve this homogeneous porosity for our ���00
  tests, 

we filled a rigid, 9 x 13” (22.9 x 33.0 cm) cake pan with 5 kg of coarse sand. The top of the sand 

volume was flush with the top of the cake pan, and the sidewall was placed on to the filled pan. 

The sidewall was then placed upside down on the tilting table with the cake pan keeping the sand 

mold intact. Angle of the tilting table was measured using an electronic level fastened to the base 

of the table. The table was tilted at an average speed of 0.1o per second for each trial. The friction 

angle was defined as the angle of the table when the pan and sand volume rolled off the surface 
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of the sidewall. Ten trials were conducted in all, and the average ���00
  value was used in our 

calculations. 

 

 

Figure 4.3. Modeled soil-water characteristic function for the experimental soil using the 

parameters in Table 4.1 for the drying case. The suction stress characteristic curve was calculated 

using Equation (4.5) for the same range of moisture contents. 

 

Results from the laboratory testing of the soil shear strength and moisture retention 

function are summarized in Table 4.1. A friction angle of 57.5o between soil grains, ��./0
 , was 

measured from three separate direct shear tests. The coefficient of lateral earth pressure, Ko, was 

estimated using the Jaky (1948) equation:  

 6. = 1 − sin ϕ�./0
  (4.12) 

 

 

4.3.2 Vertical Cut Experiments 
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  A tabletop, vertical cut slope apparatus was constructed in the laboratory. The apparatus 

was rectangular in shape and was 62 cm long by 40.5 cm high, and the width between the 

sidewalls was adjustable between 9.7 and 27.5 cm (Figure 4.4). A cohesionless, semi-

homogenous sand (sold as Granusil 2095; Unimin Corporation, 2007) with relatively coarse 

grains (d50 = 1.4 mm; Unimin Corporation, 2007) was used in the vertical cut experiments. To 

effectively characterize deformation at the shear plane measured from the PIV tool, we needed to 

create a controlled, abrupt failure in a slope cut of the experimental sand. Figure 4.4 shows the 

side and top view of the vertical cut apparatus. The sliding door was fit into grooves machined 

into the sidewalls located at the right-hand side of the x-z plane (side-view), and the top of the x-

y plane (top-view, Figure 4.4). The sidewalls were fastened to an aluminum plate at one end, and 

an aluminum plate on bottom to minimize deflection. The sidewalls were additionally reinforced 

on top with small (0.6 cm wide) aluminum beams at the sliding door, and at the center of the 

apparatus.  

 

Table 4.1: Measured hydro-mechanical properties of the experimental sand. 

 

Internal 

friction 
angle, 

`soil (
o
) 

Soil-wall 

friction 
angle, 

`wall (
o
) 

Coefficient 

of lateral 
earth 

pressure, 

Ko 

Van genuchten 
(1980) parameters 

(drying) 
Saturated 

moisture 
content, 

s 

Residual 

moisture 
content, 

r  (cm
-1

) n 

57.5 ±

4.7

 24.8 ±

0.4
 0.16 0.27 4.48 0.386 0.009 
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For repeatability, the consolidation and moisture content distribution of the soil volume 

needed to be as well controlled as possible. Prior to each experiment, a measured volume of 

water was added to the dry sand in a large tub and mixed by hand. The tub was covered in plastic 

wrap to prevent evaporation, while the partially saturated sand was poured into the cut slope 

apparatus 6 kg at a time. We used a custom compaction hammer to compact the mass of sand 

after being poured in the apparatus. The 5.9-kg hammer was precisely the width of the cut slope 

apparatus, and was dropped from a height of 10 cm at consistent locations across the length of 

the apparatus. The process was repeated for a total of 60 kg bulk weight of material. The 

apparatus was then sealed with plastic wrap to prevent escape of moisture through evaporation. 

Samples of the moist sand were weighed for moisture content measurement prior to being 

compacted. 

Removal of the sliding door commenced immediately after the soil was prepared. The 

sliding door was incrementally lowered 0.5 cm from the top to expose more height of the vertical 

cut. After the door was lowered each increment, we used two digital cameras (Nikon D5000 and 

Nikon D3000, with Nikkor 18-55 VR lenses) to capture digital images of the soil volume on both 

the x-z plane, and the x-y plane (Figure 4.4). The side-view (x-z plane) camera was fastened to a 

tripod placed 1.3 m away from the sidewall. The camera viewfinder was centered on the cut 

slope apparatus at an angle directly incident to the sidewall surface. The top-view (x-y plane) 

camera was attached to a custom immobile stand that rested on top of the apparatus. The camera 

was pointed down and leveled to ensure the lens was incident to the x-y plane. Each image was 

captured at both cameras simultaneously via wireless remote shutter. The tripod, top stand, and 

remote shutter were essential for minimizing movement of the cameras for the duration of each 

experiment to reduce error in the PIV calculations.  
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Figure 4.4: Image of laboratory apparatus adjustable to three different sidewall widths in the (a.) 

side-view (x-z plane) and (b.) top-view (x-y plane). 

 

The failure height was recorded as the height of the vertical cut exposed by the sliding 

door at the moment abrupt failure occurred. Samples were immediately taken from the remaining 

sand volume in the box, weighed, and placed in an oven for moisture content measurement.  

4.3.3 PIV Analysis 

We used GeoPIV 8 (White et al., 2001) to detect displacement of the sand particles in 

each failure experiment. Digital images taken of the sidewall and top-view at every door sliding 

increment were uploaded to the GeoPIV software. A grid of patches was defined for an area 20 



 

 

77

cm long by 30 cm high just to the left of the door for the side-view images, and a grid that fit the 

sidewall width by 20 cm directly behind the door for the top-view (Figure 4.4). Each patch 

measured 80 by 80 pixels (about 6.5 × 6.5 mm), and was designed to encompass several soil 

grains to accurately capture the particle displacements. The image of the cut slope apparatus at 

the time when the sliding door was at the top position (H = 0 cm) was used as the reference 

image. All the subsequent images in the series were compared to the reference image to calculate 

displacements, in pixels, of the center of each patch. White et al. (2003) provides a more detailed 

explanation on the sub-pixel cross-correlation procedure between the reference and measurement 

images.  

The resulting displacements from the PIV analyses were converted from pixels to 

millimeters using marks on the cut slope apparatus that were separated by a known distance. A 

small (sub-pixel to several pixel) error occurred from miniscule movements of the cut slope 

apparatus and/or camera during the experiment as the door was being lowered. This “field” error 

was corrected by removing the apparent particle displacements at the far left-hand boundary of 

the PIV patch grid furthest from the sliding door at that height elsewhere in the grid. Through 

dozens of experiments conducted with the apparatus, we have not observed any displacement at 

the far left field of the PIV grid resulting from door sliding. The entire suite of images and 

corresponding PIV vector plots were observed to study the evolution of the vector field as the 

sliding door was removed before failure.  
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Two-dimensional strains were calculated for each image in the experiment using the PIV 

displacement fields for both the x-y and x-z planes. We used the dimensionless ratio of & &'�⁄  to 

describe each time step in the images, where H is the current slope height in the time step and 

&'� is the eventual slope height when failure occurred. Abrupt failure occurs for the point in each 

experiment when & &'�⁄  = 1.0 

Figure 4.5: Displacement and strain localization development at the x-y plane for the sliding 

door positioned at (a.) 0.61, (b.) 0.76, and (c.) 0.91 of failure height (s = 9.7 cm, Sw = 0.1) 

 

 

0.12

D
is

ta
n
c
e

 f
ro

m
 d

o
o
r,

 x
 (

c
m

)

0 4 8

0

2

4

6
H/H

cr
 = 0.61

0.1

1.0

2.0

R
e

fe
re

n
c
e
 V

e
c
to

rs

0
.0

0
0
1

0
.0

0
1

0
.0

0
2

Strain (%)

0 4 8

0

2

4

6
H/H

cr
 = 0.76

0 4 8

H/H
cr

 = 0.91

0

2

4

6

Y-position (cm)

1.5

3.0

4.5 <

0.0

Displacement
      (mm)

a.

b.

c.



 

 

79

4.4 Results 

 Figure 4.5 shows the result of the vertical cut experiment and PIV measurements showing 

development of soil displacements and strain localization in the x-y plane for a sidewall width of 

9.7 cm and saturation of 0.1. Maximum soil displacements of about 0.7 mm were observed when 

the slope height was 61% of failure height, and 1.4 mm near the moment of failure. Magnitude of 

soil displacement decreased with distance away from the slope cut, and also decreased with 

distance toward the sidewalls. Areas of up to 4.0% strain were calculated near the sliding door 

(Figures 4.5a and 4.5b) as the experiment progressed until & &'�⁄  was 0.91 (Figure 4.5c). Strains 

as high as 6.7% were detected near the moment of failure, and the areas of these higher strains 

were coincident with the eventual location of the failure plane crown.  

 Figure 4.6 shows displacement and strain for three slope heights after the sidewall width 

was extended to 20 cm and the slope cut was mixed to a saturation level of 0.05. Results are 

shown side-by-side for the top-view (x-y plane) and the addition of the second camera giving the 

side-view in the x-z plane (Figure 4.6). Soil grain displacements increased from 0.5 mm (Figure 

4.6a) in the x-y plane, to about 1.3 mm for & &'�⁄  = 0.91 (Figure 4.6c). In the side-view (x-z 

plane) soil displacements increased slightly as the slope height increased, but did not exceed 1.0 

mm in magnitude.  Total strain increased from just over 2.0% concentrated in a band about 2 cm 

from the sliding door (Figure 4.6a), to about 3.4% when & &'�⁄  = 0.91, and was again coincident 

with the eventual failure plane crown (Figure 4.6c). The area of maximum strain in the x-z plane 

was about 2.0%, and also was located where the failure plane would develop. 

 Figure 4.7 shows the results from the same experiment shown in Figure 4.6, but with 

saturation increased to 0.1. Magnitude of the soil displacement was as high as 1.0 mm near the 

moment of abrupt failure. Strains in the x-y plane were again localized to a band about 4 cm from 
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Figure 4.6: Displacement and strain localization development at the x-y plane and x-z plane for 

the sliding door positioned at (a.) 0.61, (b.) 0.76, and (c.) 0.91 of failure height (s = 20 cm, Sw = 

0.05) 

 

the sliding door, and were as high as 5.1% when & &'�⁄  = 0.95. Strains in the x-z plane were 

overall slightly higher than those calculated in the case where moisture content was 0.02, but the 

failure plane was also near the zone of maximum strain in this instance (Figure 4.7).  

 For the final suite of experiments, the sidewall width was extended to 27.5 and degrees of 

saturation of 0.05 and 0.1 were again used. Figure 4.8 shows the results for a degree of saturation 

at 0.05. Soil displacements in the x-y plane increased from 0.4 mm (Figure 4.8a) to 0.7 mm 

T
o

p
-v

ie
w

 d
is

ta
n

c
e

, 
x
 (

c
m

)

0

4

8

12
0 8 16

S
id

e
-v

ie
w

 d
is

ta
n

c
e

, 
z
 (

c
m

)

0

4

8

12
048

Top-view

distance, y (cm)

Side-view

distance,

x (cm)

0.1 1.5

0 1 2 3 <

1.0

Strain (%)
Reference 

vectors (mm)

H/Hcr = 0.95

H/Hcr = 0.81

H/Hcr = 0.63

0 8 16 048

0

4

8

12

0 8 16 048

0

4

8

12

0

4

8

12

0

4

8

12

a.

b.

c.



 

 

81

 

Figure 4.7: Displacement and strain localization development at the x-y plane and x-z plane for 

the sliding door positioned at (a.) 0.63, (b.) 0.81, and (c.) 0.95 of failure height (s = 20 cm, Sw = 

0.1) 

 

(Figure 4.8c) nearest to failure. Strain as high as 1.3% localized nearest to the sliding door as the 

slope height was being increased (Figure 4.8a), then developed closer to the eventual failure 

plane crown when the soil volume approached failure conditions (Figure 4.8c). The area of 

maximum strain was about 2.1% in magnitude nearest to the moment of failure in both the x-y 

and x-z planes (Figure 4.8c).  
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Figure 4.8: Displacement and strain localization development at the x-y plane and x-z plane for 

the sliding door positioned at (a.) 0.67, (b.) 0.79, and (c.) 0.91 of failure height (s = 27 cm, Sw = 

0.05) 

 

 Figure 4.9 shows the displacements and strain for the sidewall width of 27.5 cm and 

saturation of 0.1. Displacements ranged again from 0.4 mm as the slope height was being 

extended (Figures 4.8a and 4.8b), to 0.6 mm closest to the time of failure (Figure 4.9c). Strain 

was localized in a single band and the magnitudes ranged from about 1.0% when & &'�⁄  = 0.71 

(Figure 4.9a), to 1.7% closer to the height of abrupt failure (Figure 4.9c). 
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Figure 4.9: Displacement and strain localization development at the x-y plane and x-z plane for 

the sliding door positioned at (a.) 0.71, (b.) 0.8, and (c.) 0.89 of failure height (s = 27 cm, Sw = 

0.1) 

 

The prevalent area of strain and eventual failure plane crown in Figure 4.8 (to a lesser 

extent) and Figure 4.9 had a bimodal shape, rather than the typical parabolic feature we observed 

in previous experiments. This behavior was consistent throughout all our trials conducted with 

the sidewalls extended to 27.5 cm width. 
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4.5 Analysis and Discussion 

 As & &'�⁄  was increased during each trial, scattered regions of strain were apparent in the 

x-y plane until a persistent shear band formed the area of highest strain localization, near the 

value of & &'�⁄ = 0.9 for all experiments. We defined the persistent band as reaching laterally 

across the width of the soil volume and exhibiting the highest strain magnitudes detected. The 

highest strain magnitudes were either directly where the top of the failure surface developed, or 

located nearby in the x-y plane. In the x-z plane, the failure plane was observed with a slight 

negative x-offset from the area of maximum strain, but was located within the area of shear 

banding near the moment of failure. Both grain displacements and strain systemically decreased 

in magnitude as sidewall width was increased in the experiments.    

Morse et al. (2014) concluded the maximum strain localization at the top surface of the 

soil volume indicated the potential for abrupt failure at that location, which is consistent with the 

observations of this study. The critical angle of the failure plane, β, in Equation (4.10) is 

determined in this manner to calculate critical height. Figure 10a shows the data in Morse et al. 

(2014) alongside the experiments conducted in this study (Figure 4.10b). The relative error in our 

experimental failure heights compared to the critical height predicted using Equation (4.10) was 

14.3%, on average, which was an improvement over the previous study. Our tests showed a 

mean β of 71.9°, which was slightly less than the predicted β from Rankine’s active theory 

(73.8°), and this proxy is also supported in the results of Morse et al. (2014). 
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Figure 4.10: Experimental failure heights compared to heights predicted using the extended 

vertical cut theory (Equation 10) from (a.) Morse et. al, 2014 and (b.) the trials in this work. 
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Figure 4.11: Plot of experimental results on theoretical curve of the dimensionless stability 

values. Failure angle used for the predicted line was β = 71.9°, which was the mean for the 

experiments. The experiment plotted to the left of the dashed line had a saturation of 0.1. The 

reciprocal of the normalized sidewall width in Equation (4.11) is plotted here to best 

conceptualize this relationship. 

 

Figure 4.11 shows the theoretical relation between the normalized critical height and 

sidewall width proposed in Figure 4.2 with the experimental results of this study plotted. The 

curve is calculated based on our average observed β (71.9°), and will differ based on the friction 

angle for the experimental soil. As saturation was increased, our experiments plotted further to 

the right on the x-axis - suggesting that there is a slight increase in stability with moisture content 

even though critical height and sidewall distance is normalized to this quantity. Although the 

experiments were conducted almost immediately after moisture addition and compaction, water 

was likely redistributing in the sand toward hydrostatic conditions. Higher moisture content 

would likely result in greater moisture redistribution, therefore, heterogeneity of the soil moisture 

may be larger for these experiments relative to those with lower moisture contents. In addition, 
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possible effects of arching in the compacted soil associated with the sidewalls were not 

considered in the measured movement of the soil mass, and may be responsible for some 

discrepancy in our predictions. We also assumed a perfectly plastic failure mechanism, while the 

soil has an elasto-plastic stress-strain curve. Because of the gradual change in the wall height, the 

actual stress-strain response may have led to a progressive failure mechanism. One trial (Figure 

4.8) showed a failure plane slightly out of phase in the x-direction with the area of max strain, 

which may be indicative of a progressive failure.   

The double-peak shape of the failure plane and prevalent shear band in Figure 4.9 

differed from the parabolic shaped features in other trials where the sidewall width is less (s = 

9.7 and 20 cm).  The change in behavior suggests a different failure mechanism is present when 

the sidewall width is sufficient that 3D contributions are negligible. Other trials with the 

sidewalls extending to 27.5 cm width resulted in local failures in the experimental slope cut, 

roughly coinciding in phase with the troughs of the observed waveform. The bimodal 

characteristic may be indicative of an observed period-doubling bifurcation for the slope cut 

when the sidewall width is greater (Gauthier-Quémard, 2011). Further testing will be needed to 

prove there is specific sidewall width that period-doubling occurs, but we propose it may lie near 

the point where the curve in Figure 4.2 becomes asymptotic. 

Some spatial variability of the strain localization can be attributed to the fact that soil 

moisture content and compacted porosity were not perfectly homogeneous throughout the soil 

volume, despite our best efforts. Figures 5 and 8 show regions in the x-y plane of relatively high 

strain not coincident with the location of the failure plane. Borja et al. (2013) demonstrated the 

importance of spatial density homogeneity when measuring strain localization and shear band 
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formation. Density variability likely influenced preferential formation of higher strain in 

localized areas not coincident with the main failure plane. 

We must also consider that soil strength has been shown to be dependent on scale (e.g. 

Skempton and Hutchinson, 1969; Garga, 1988). Bonala and Reddi (1999) explained the scale 

dependency of soil shear strength experiments by attributing it to spatial heterogeneities such as 

fissures and joints that may occur in larger granular volumes than laboratory scale. Iverson et al. 

(2004) also showed that cohesive forces have a much greater effect in small-scale (< 1 m) 

granular avalanches than in larger, geophysical avalanches, and suggested it was best to use 

completely dry material when using small-scale experiments to model an ideal granular 

avalanche.  

Considering the limitations of small-scale soil physics at play, the extended vertical cut 

theory and PIV method can both be readily applied to similar, larger scale (meters-scale) 

experiments. The proportionality of the normalized failure height and normalized sidewall 

distance from Equation (4.11) allows for application to a variety of scales, soils, and moisture 

contents. Though our analysis suggests two of our trials were under side friction-dominated 

conditions, it would also be useful to continue similar experiments with increased sidewall 

influences. The benefit of this effort would be reconciling more of the portion of curve where the 

sidewall friction component dominates (Figure 4.2).   

4.6 Conclusions 

 Strain localization and its progression were measured during a gradual, finite planar 

failure mechanism in unsaturated laboratory-scale sand cut slopes. The experiments were 

performed using a laboratory scale vertical cut slope simulator, and the sand in the apparatus was 

mixed to a varying degree of saturation. Sidewall widths were adjusted to three different 
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distances to study the effect of sidewall friction for different slope geometries. Soil-water and 

shear strength parameters were measured to compare our observations with an extended critical 

height theory for vertical cut slopes. We used PIV measurements in three dimensions to quantify 

a field of particle displacements throughout the soil volume at different times and then calculated 

strain at each time step prior to abrupt failure of the cut slope.  

As the height of cut slopes (in terms of & &'�⁄ ) was increased during each trial, scattered 

regions of strain were apparent in the x-y plane until a persistent shear band formed the area of 

highest strain localization, near when & &'�⁄ = 0.9. The highest strain magnitudes were either 

directly where the top of the failure surface developed, or located nearby in the x-y plane. In the -

x-z plane, the failure plane was observed with a slight negative x-offset from the area of 

maximum strain, but was located within the area of shear banding near the moment of failure. 

Both grain displacements and strain systemically decreased in magnitude as sidewall width was 

increased in the experiments. The maximum strain localization at the top surface of the soil 

volume also indicated the potential for abrupt failure at that location, which is consistent with 

observations in a previous, similar study. The relative error in our experimental failure heights 

compared well to the critical height predicted using Equation (4.10) was 14.3%, on average. 

A theoretical threshold for sidewall influence on laboratory cut slope failures was also 

proposed. The influence on critical height from sidewall friction effects (both normalized for 

moisture content), for an experimental soil with a given friction angle, becomes asymptotic when 

the effects of sidewall friction are negligible. Based on the theoretical and experimental tests, we 

suggest that a normalized critical height at 10% greater than the asymptotic value could serve as 

a threshold between experimental slope constraints that influence slope stability, or two-

dimensional conditions could be effectively assumed. The observations with the vertical cut 



 

 

90

experiments conducted in this work support this relationship, and further work needs to be done 

to reconcile the limits on sidewall friction effects. 

A double-peak shape of the failure plane and prevalent shear band was also observed 

when the sidewalls were extended to 27.5 cm width, compared to parabolic, single-peak shapes 

in trials with smaller sidewall widths. The bimodal characteristic may be indicative of an 

observed period-doubling bifurcation for the slope cut when the sidewall width is greater. The 

transition in failure mechanisms may occur near the point that normalized sidewall width and 

slope critical height becomes asymptotic. Again, further testing will be necessary to study these 

bifurcation phenomena directly. 
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CHAPTER 5 

CONCLUDING REMARKS 

 This works represents the evolution of methodology for slope stability assessment in 

variably saturated soils. Although they may not provide landslide susceptibility measurement 

directly, DC resistivity surveys were shown to be able to delineate bedrock depth trends within a 

drainage basin. This same geophysical tool can be used for a temporal survey during a rainstorm 

to study how moisture content changes in the subsurface over the entire drainage area. This 

dataset would be extremely valuable for studying the spatial distribution of rainfall infiltration to 

the soil-bedrock interface non-invasively. Timing of infiltration to the entire lateral extent of the 

bedrock contact and subsequent lateral flow would be key observations for reconciling a slope 

stability model for a given watershed. 

 Culmann’s theory (1866) for the critical height of vertical slopes was extended to 

unsaturated conditions. The extended theory also accounted for the effects of the friction and 

cohesion along the lateral margins, which is applicable for all laboratory slope stability 

experiments. A tool that is being increasingly applied to geotechnical tasks, particle image 

velocimetry (PIV), was used to quantify and detect incipient particle motion as small as 0.05 mm 

prior to failure.  

 Analysis of the PIV observations provided a suite of data useful to vertical cut slope 

characterization. Location of the shear plane was ascertained in images prior to abrupt failure 

where the area of maximum strain localization was present. These prevalent shear band 

formations were also used to estimate the angle of the failure plane to predict the critical height 

of failure using the extended analyses proposed herein. Evolution of these strain localizations can 
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be readily used to provide a basis from which numerical models of strain localization can be 

predicated.  

 Using the failure angle, soil-water, and soil strength parameters, the predicted critical 

failure height had a mean error of 22.3% compared to our observed vertical cut heights during 

the first batch of experiments, and a 14.3% error for the trials in chapter 4. A theoretical 

threshold for sidewall influence on laboratory cut slope failures was also proposed. According to 

the extended vertical cut theory, the influence on critical height from sidewall friction effects 

(both normalized for moisture content), for an experimental soil with a given friction angle, 

becomes asymptotic when the effects of sidewall friction are negligible. Based on the theoretical 

and experimental tests, we suggest that a normalized critical height at 10% greater than the 

asymptotic value could serve as a threshold between experimental slope constraints that 

influence slope stability, or two-dimensional conditions could be effectively assumed. 

Furthermore, a transition in failure mechanisms may occur near the point that normalized 

sidewall width and slope critical height becomes asymptotic, judging by the perceived period 

doubling of the failure plane waveform for trials with larger sidewall widths. 

 The extended vertical cut theory and PIV method can both be readily applied to similar, 

larger scale (meters-scale) experiments. The proportionality of the normalized failure height and 

normalized sidewall distance from Equation (4.11) allows for application to a variety of scales, 

soils, and moisture contents. Although soil moisture content can not be as easily controlled at 

larger scales, a water table can be imposed at a height below the bottom of the vertical cut and be 

steadily elevated as the experiment progresses. Moisture content (and, thus, suction stress) 

throughout the slope cut can then be assumed using the soil-water characteristic curve. 
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APPENDIX A 

THEORETICAL DEVELOPMENT OF AN EXTENDED CULMANN’S THEORY FOR 

UNSATURATED CUTSLOPES WITH SIDEWALL FRICTION 

 The Appendix A details the mathematical derivation for the extension on Culmann’s 

original vertical cut analysis (Culmann, 1866) for slope cuts in three-dimensional constraints. 

The equations and content herein allude to those described in Chapters 3 and 4 of this work, and 

are published as part of Chapter 3 (Morse et al., 2014).  

S.1. Derivation of the Extended Vertical Cut Theory 

The factor of safety for a simulated cutslope is calculated by dividing the resisting forces 

by the active forces along the failure plane. The forces at play in a simulated laboratory cutslope 

figuring into determining the factor of safety, FS, are:  

 ;� =  ;�./0 + 2;��00;�<���  (A.1) 

where ;�./0 is the frictional force due to resistance along the failure plane, ;��00 is the frictional 

force due to resistance along each sidewall in the simulator, and ;�<��� is the active shearing 

force along the failure plane in the direction of shear. Each resistant and active force is 

dependent on the weight of the wedge of soil that fails by:  

 = = &>4)
2 tan 5 (A.2) 

where 4 is the distance between the two sidewalls, ) is the unit weight of the soil (kN/m3), 5 is 

the angle of the potential failure plane from the horizontal, and H is the height of the wedge, or 

the height of the vertical cut free face.  

The shearing force acting in the direction of the failure plane can be expressed simply as:  



 

 

101

 ;�<��� = = sin 5 = &>4) sin 5
2 tan 5  (A.3) 

The resistance to shear along this failure plane is derived from the normal force from the wedge 

of soil, as well as the average suction stress:  

 ;�./0 = ?= cos 5 − �� @ &4
sin 5AB tan ��./0
  

               = *&>4) cos 5
2 tan 5 − �� @ &4

sin 5A2 tan ��./0
  

(A.4) 

where ��./0
  is the friction angle between soil particles, and ��  is the suction stress (negative 

quantity). Suction stress is multiplied by the area of the failure plane to give the total friction 

force contribution due to the average suction stress quantity along the failure plane. 

 The friction force contribution from each sidewall can best be conceptualized as an 

additional failure plane following the Mohr-Coulomb failure criterion by: 

 ;��00 = *=6. − �� C &>
2 tan 5D2 tan ���00
  

                = *&>4)6.2 tan 5 − �� C &>
2 tan 5D2 tan ���00
  

(A.5) 

where ���00
  is the effective friction angle between the soil and the sidewall, 6. is the coefficient 

of earth pressure, or the ratio of vertical stress imposed by the soil wedge translated into 

horizontal stress, and the quantity &> 2 tan 5⁄  is the effective area the soil wedge is in contact 

with the sidewall. 

 For a potential failure condition to be satisfied according to Equation (A.1), the active 

shearing forces must be set equal to the total resisting forces (FS = 1.0): 

 ;�<��� = 2;��00 + ;�./0 (A.6) 
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Combining Equations (A.3), (A.4), (A.5), and (A.6) results in: 

 &>4) sin 5
2 tan 5 = &>

tan 5 �4)6. − ��� tan ���00
 + &4 ?&) cos 5
2 tan 5 − ��

sin 5B tan ��./0
  (A.7) 

After dividing H out once and rearranging Equation (A.7), the result is solving for a single 

quantity of H, or the critical height of a vertical cut: 

 &'� = −24�� tan 5 tan ��./0

4) sin 5 �sin 5 − 26. tan ���00
 − cos 5 tan ��./0
 � + 2�� sin 5 tan ���00
  (A.8) 

 If sidewall effects are ignored, Equation (3.7) is used to solve for the cohesion, and if the 

critical angle is assumed to be: 

 5'� = 90 + ��./0

2  (A.9) 

which follows Equation (9.31) in Lu and Godt (2013), then Equation (A.8) is reduced to 

Culmann’s original equation (Equation (3.8)) for the critical height of a vertical cut. 

 


