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Abstract 

Rainfall induced granular flow slides pose a significant risk in many areas of the world.  These 

failures, characterized by the sudden release of material in a fluid-like manner, are the result of 

static liquefaction occurring in these slopes.  The static liquefaction phenomenon has been linked 

to instability.   

 

Instability behaviour is primarily studied under undrained triaxial conditions, and although many 

instability theories have therefore been defined in this stress space, these have been shown to also 

extend into plane strain conditions.   In order to further investigate this behaviour under these 

stress conditions, Wolinsky et al. (2013) developed a tilt-table soil box for use in a geotechnical 

centrifuge to analyze instability in infinite slope soil models.  This testing apparatus has been 

used to simulate instability in plane strain under both dry and saturated soil conditions. 

 

Stress-controlled experiments were performed on dry infinite slope soil models to investigate the 

effects of both void ratio and effective stress on instability behaviour.  By performing these tests 

dry, this test apparatus provides the ability to decouple the triggers of instability from the 

corresponding response in pore pressure and the consequences.  The results of this testing 

confirmed that the instability line angle is a function of both void ratio and effective stress.  As 

the void ratio decreases and effective stress in the soil model increases, the resulting instability 

line angle will increase.  This testing also demonstrated typical stress-dilatancy behaviour in these 

infinite slope models, characterized by contractive response in loose soils and dilative response in 

dense soil subject to increasing shear stress. 

 

Secondly, this testing apparatus was used to investigate the effects of seepage force on instability 

behaviour in granular slopes through the introduction of groundwater seepage in the form of a 
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rising groundwater level.  Although the results illustrated shear and volumetric response to these 

increased pore water pressures, these were not significant enough to initiate instability and the 

resulting pore water response leading to failure.  It has been determined that this apparatus must 

be further adapted to dissipate the matric suctions developed above the water table during 

groundwater rise. 
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Chapter 1 

Introduction 

1.1 Liquefaction and Instability 

Rainfall induced flow slide events around the globe have had large impacts and caused significant 

devastation.  The effects can be seen in examples such as the 1948 Guwahati landslide in India, 

the 1972 Amakusa disaster in Japan, the 1999 Vargas tragedy in Venezuela, and most recently the 

2013 North Indian landslides which resulted in over 5000 casualties.  These slides are typically 

the result of static liquefaction occurring in granular soil slopes, a phenomenon which has been 

linked to instability in loose soils.  Following the work of Lade (1992), instability has been 

defined as a sudden increase in strain rate occurring as a result of the inability of the soil to 

sustain the current load.  When subject to a monotonic trigger, such as an infiltration event, the 

slope can experience localized yielding sufficient to induce instability.  This sudden increase in 

strain rate corresponds to a spike in pore water pressure, resulting in a further loss of shear 

resistance and flow liquefaction.   

 

A significant amount of research has been performed under undrained triaxial compression to 

investigate this instability behaviour.  Based on these tests, the boundary in stress space beyond 

which these potentially unstable stress conditions may occur has been defined as the instability 

line, and it lies along the peaks of the undrained effective stress paths for a given soil in triaxial 

space.   

1.2  Effect of Void Ratio  

As a result of this research, instability behaviour in granular soils has been shown to be heavily 

dependent on void ratio.  A soil subject to undrained triaxial compression will experience either 

strain-softening or strain-hardening behaviour in undrained triaxial compressions based on the 
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respective contractive and dilative tendencies of the soil (e.g. Chu et al., 2003).  Undrained tests 

on contractive (or loose) soils were shown to exhibit a maximum strength at small strains, 

followed by a significant generation of positive excess pore pressures, with a corresponding loss 

in strength and resulting large plastic strains.  Conversely, undrained tests on dilative (or dense) 

soil samples were shown to experience the development of negative excess pore pressures, with a 

corresponding increase in strength with shearing.  The loss in strength associated with loose soils 

is characteristic of instability and liquefaction in granular soils, therefore establishing if a soil will 

exhibit contractive behaviour is critical to determining whether it may be subject to this type of 

failure.  The critical state void ratio is the term which has been used to define this threshold, and 

the current void ratio relative to this value (or the state parameter as defined by Been and Jefferies 

(1985)) will control the expected soil behaviour. 

1.3 Physical Modelling of Instability in Granular Soils 

The instability behaviour of granular soils defined as a result of the undrained triaxial testing has 

been shown to extend into plane strain conditions.  As a result, Wolinsky et al. (2013) developed 

an infinite slope tilt-table for use within a geotechnical centrifuge to investigate instability 

behaviour of granular soils in plane strain.  The infinite slope model approximation allows for the 

approximation of the model slope to a unit column of soil, governed solely by unit weight, soil 

depth, water table height, and slope angle.  This soil box was therefore designed to approximate 

an infinite slope for simplified, controllable stress conditions. 

 

Geotechnical centrifuge modelling provides the ability to test small-scale models at elevated 

prototype stress levels, simulating field-scale conditions.  The initial stress conditions in this 

model can therefore be increased substantially, proportional to an increase in centrifugal 

acceleration (g level).  As the infinite slope is then rotated through a range of slope angles, the 

soil model will experience a corresponding increase in shear stress and decrease in normal 
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effective stress.  Finally, this apparatus has also been configured to incorporate groundwater in 

the form of a controlled, rising water table. 

1.4 Research Objectives 

The overall objective of this research is to further investigate instability behaviour in granular 

soils using this novel infinite slope tilt-table apparatus.  Specifically, this includes: 

- To investigate the effect of void ratio and effective stress on instability behaviour in 

granular soils by preparing dry soil models of varying void ratio and testing these at 

different g levels.  This dry approach effectively decouples the causes which trigger 

instability from the consequences resulting from spikes in pore water pressure. 

- To investigate the impact of seepage forces on the instability behaviour in granular soils 

by introducing a rising groundwater level for different slope angle cases.  Instability is 

therefore induced as a result of rising pore water pressure and the corresponding decrease 

in normal effective stress. 

1.5 Organization of Thesis 

This thesis has been prepared in Manuscript Format according to the regulations set by the School 

of Graduate Studies at Queen’s University.   

 

Chapter 1 of this document contains a brief introduction to the research performed.  Chapters 2 

and 3 are original manuscripts containing the primary results obtained in this research.  Chapter 2 

describes results obtained from the investigation into the effects of void ratio and effective stress 

on instability behaviour of dry granular soils using an infinite slope approximation under plane 

strain stress conditions.  Chapter 3 describes the results obtained from the testing performed to 

investigate the effects of groundwater seepage on the instability behaviour of granular slopes in 

plane strain.  Finally, Chapter 4 summarizes the main conclusions obtained from this work. 
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Chapter 2 

Investigation of the Effects of Void Ratio and Effective Stress on 

Instability Behaviour in Dry Infinite Slope Models under Plane Strain 

Stress Conditions 

2.1 Introduction 

Flow slides occurring as a result of static liquefaction often have devastating and catastrophic 

results.   These failures, such as the series of flow slides occurring in Uttarakhand in Northern 

India in the spring 2013, have caused significant loss of life and widespread devastation.  Flow 

liquefaction of loose granular slopes occurs when these are subjected to a monotonic trigger 

event, such as rainfall infiltration, which induces local shearing and instability in the slope.  In 

these soils, this shearing causes a corresponding spike in pore-water pressure, and a further 

significant loss of shear resistance in this slope.  This chain reaction can lead to complete static 

liquefaction.  The instability framework, defined by Lade (1992), indicates the yield condition in 

which the soil is not able to sustain the current load, causing a sudden increase in shear and 

volumetric strain rate, and the corresponding spike in pore water pressure.  Static liquefaction 

occurs when the pore water pressure reaches a value greater than the effective normal stress, and 

in these loose slopes subject to rainfall infiltration, an initial local failure may be sufficient to 

trigger liquefaction under the temporary undrained conditions (Yamamuro & Lade, 1997; Chu, et 

al., 2003; Wanatowski & Chu, 2007; Ng, 2008). 

 

The majority of the research studying the instability of granular soils is performed under 

undrained triaxial loading conditions (e.g. Lade, 1992; Yamamuro & Lade, 1997; Chu, et al., 

2003; Wanatowski & Chu, 2007).  As a result, following the work of Lade (1992), the instability 
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stress ratio is typically defined as the peak of the undrained effective stress paths of a given soil at 

a specific void ratio, as shown in Figure 2.1.  In stress space, therefore, the zone of potential 

instability is bounded by the critical state line and the instability line (Lade, 1992). 

 

Wolinsky et al. (2013) developed a tilt-table soil box for use in a geotechnical centrifuge to 

investigate instability behaviour in plane strain using an infinite slope model approximation.  This 

apparatus was used to conduct stress-controlled rotation of loose granular slope models under dry 

conditions, resulting in the simulation of instability in these models in the form of strain lurches.  

This novel approach decouples the instability trigger from the consequences, and allows further 

investigation into the development of instability in these slopes at different stress levels.  These 

tests, however, were performed for one sample void ratio only.  Wanatowski & Chu (2007) 

showed that void ratio has a significant effect on instability in granular soils, therefore the 

objective of this chapter is to further investigate instability in dry granular slopes using this tilt-

table apparatus, with a particular emphasis on the effect of void ratio and confining stress. 

2.2 Background 

According to Wanatowski & Chu (2007), the instability condition is defined as “behaviour in 

which large plastic strains are generated rapidly because of the inability of a soil element to 

sustain a given load or stress.”  Physically this signifies a stress point at which large strains 

develop, making yielding a necessary condition.  However the key distinction between yielding 

and instability is while yielding signifies an increase in deflection from a load increment, 

instability is marked by a sudden increase in strain increment rate (Chu, et al., 2003). 

 

The effect of void ratio on instability in granular soils has been studied primarily in undrained 

triaxial compression.  The results of these tests have demonstrated the ability of soils to undergo 

either strain-hardening or strain-softening beyond the peak deviatoric stress based on the stress 
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state.  Figure 2.2 shows the alternative soil behaviour over a range of void ratios.  Strain-

hardening is characterized by dilative soil in which strength is regained upon small straining and 

the soil becomes more stable as it reaches the critical state.  Conversely strain-softening is what is 

seen in instability and liquefaction where the sample exhibits a peak shear strength at small strain, 

then undergoes a loss in strength and the development of large plastic strains (Ng, 2008).  This 

strain-softening will occur in a contractive or loose soil (Chu, et al., 2003; Lade & Yamamuro, 

2011). 

 

As seen in these tests, instability behaviour is governed primary by void ratio and confining 

pressure, therefore knowing whether the soil has contractive or dilative tendencies is critical to 

predicting its reaction to changes in effective stress.  The critical state void ratio defines the 

boundary between dilative and contractive behaviour, therefore the magnitude of the void ratio 

relative to the critical state void ratio (also known as the state parameter) predicts whether the soil 

will exhibit strain-hardening or strain-softening (Been & Jefferies, 1985).  Therefore, as the void 

ratio increases, the slope of the instability line (ηIL) as described decreases and the soil will 

exhibit greater strain-softening.  This relationship, based on the state parameter, is shown in 

Figure 2.3. 

 

Recent research by Wanatowski & Chu (2007) has shown that this instability framework 

determined through undrained triaxial compression testing also applies to soil samples tested in 

plane strain.  In order to compare the results from triaxial compression and plane strain, the slope 

of the instability line can be normalized to the effective stress ratio at peak state for both loading 

conditions.  Additionally, the state parameter is used to normalize the void ratio.  A positive 

normalized state parameter value signifies contractive behaviour while a negative value implies 

dilative (Leroueil, et al., 2009).  The work of Wanatowski & Chu (2007) indicates that the 
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normalized instability line angles can be combined to show that instability behaviour is consistent 

between plane strain and triaxial compression. 

 

Wolinsky et al. (2013) recently investigated the use of a tilting soil box within a geotechnical 

centrifuge to investigate instability behaviour of granular soil in plane strain.  The tilt-table was 

designed to provide the ability to test soil behaviour in a model with a free surface under lower, 

more realistic stress conditions, while maintaining the convenience of a small scale model.  This 

tilting box further simplifies the plane strain model by simulating infinite slope conditions, with a 

length much greater than the depth, and variable slope angle.  The soil model can therefore be 

approximated to a representative unit block whose properties and geometry extend the length of 

the “infinitely” long slope, by minimizing end effects and the resulting stress implications.  As 

the box is tilted with an increasing slope angle, the soil column will experience increasing shear 

stresses and decreasing effective normal stresses, defined solely by the angle, unit weight and soil 

depth.  This stress path can be calculated based on these simplified stress relationships.    

Wolinsky et al. (2013) tested various samples of the same void ratio at different stress elevations 

using this apparatus, and the inferred stress paths are shown in Figure 2.4.  Each loose sample 

was prepared level at 1g, following which it was brought to the desired test speed and 

corresponding gravity level, increasing the normal effective stress in the soil along the zero shear 

stress axis with increasing apparent soil depth.  After being brought to the prescribed initial stress 

condition, each sample was rotated slowly in the clockwise direction, increasing the shear stress 

in the soil column.  As shown in Figure 2.4, the stress paths of each test, both at 1g and 60g, 

progressed in this way toward the critical state line until surface ravelling occurred.  In addition to 

this eventual surface ravelling, these loose slopes experienced distinct instability and strain 

softening behaviour in the form of visible “strain lurches”.  These strain lurches describe a sudden 
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large increase in strain rate, and the angle at which this first occurs defines the instability line 

angle for each test. 

 

The work of Chu et al. (2003) and others has clearly illustrated the effect of void ratio on the 

instability line angle in triaxial compression, as shown in Figure 2.2.  In order to further 

investigate these relationships under plane strain, this tilt-table methodology has been adapted to 

study the effects of void ratio on instability behaviour in dry granular slopes.  Various soil models 

were prepared over a range of void ratios and tested at two different confining stress levels to 

represent both laboratory-scale stresses (1g) and field-scale stresses (60g). 

2.3 Materials and Methods 

Physical modelling is a means by which geotechnical processes can be investigated with well-

defined material properties and boundary conditions, and it has been used to investigate 

instability and liquefaction using many different approaches (e.g. Eckersley, 1990; Take, et al., 

2004; Ng, 2008; Wolinsky, et al., 2013; Take & Beddoe, 2014; Take, et al., 2014).  Specifically, 

centrifuge modelling has been widely used as a valuable tool to test small-scale laboratory models 

at field-scale stress conditions.  This testing has been shown to emulate the pore pressures and 

body stresses in a prototype slope, as they increase proportionally with gravitational acceleration 

level.  As model packages are spun in the centrifuge, they are subject to multiple (N) times 

gravity, or Ng, and stress conditions are scaled with the same relationship. 

2.3.1 Test Geometry 

The infinite slope soil model has been implemented for testing through the construction of a 

rotating tilt table for use in the Acutronic 680-2 geotechnical centrifuge at the C-CORE facility in 

St. John’s, Newfoundland (Wolinsky, et al., 2013).  This aluminum box, shown in Figure 2.5 and 

Figure 2.6, is designed to approximate a field-scale slope prototype when loaded under elevated g 

levels in the centrifuge.  The soil box pivots on a pin hinge with slight eccentricity to allow free 
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rotation in the clockwise direction.  The box rotation is controlled remotely by a vertical drive 

actuator and wire potentiometer fixed to the down slope end.  Two +/- 70 degree Rieker 

inclinometers are fixed to the soil box at different heights.  These three instruments are used to 

monitor the slope angle of the box throughout the test.   

 

In efforts to approximate the desired infinite slope behaviour and minimize end effects, the box 

has been constructed with a 10:1 aspect ratio of length to soil depth, with a length of 680 mm and 

a box depth of 80 mm (Wolinsky et al., 2013).  The aluminum base is lined with a rough 

waterproof sandpaper layer, simulating a rough bedrock layer and magnifying the interface 

friction between the sand and the base.  The width of the box is 150 mm and the front face is 

composed of a 6.35 mm thick glass sheet against the soil to decrease friction, layered with a 75 

mm acrylic window to support the glass face under centrifuge loading. 

 

In order to enable comparison of the results of these tests with those of Wolinsky et al. (2013), the 

granular material used was an F-110 Ottawa Grade Silica Sand.  Important properties as 

determined by Santamarina & Cho (2001) are displayed in Table 2.1, as well as the grain size 

distribution determined from laboratory tests in Figure 2.7.  Sand models were 60 mm deep and 

prepared at void ratios ranging between 0.54 and 0.85, the emax and emin values for this material.  It 

is important to note that the emax and emin values as stated were obtained under low stress 

conditions, and the critical state friction angle is that measured for a very loose soil tested in a 

water column.  Each soil sample was deposited using different techniques of dry pluviation in 

order to achieve the variety of mean void ratios shown in Table 2.2.  Before sample preparation, 

multiple trials were completed with each technique to prove repeatability and determine mean 

void ratio.  The more loose samples were deposited using a funnel and series of plastic tubing 

extensions, while the dense samples were deposited using only the funnel at different rain 
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elevations.  Using these procedures, the standard deviation values for initial void ratio ranged 

from 0.005 to 0.01.   

2.3.2 Instrumentation 

The objective of this testing is to induce instability in these granular slopes, which manifests itself 

as a strain rate event.  The tilt table apparatus provides the ability to rotate the infinite slope soil 

box through a range of angles, creating the necessary stress conditions.  In order to quantify the 

resulting soil interaction, Particle Image Velocimetry (PIV) is used to measure grain 

displacements, allowing the calculation of strains.  The image analysis technique of PIV makes 

use of digital image correlation to compare a series of images and determine individual pixel 

movement by tracking pixel patches and creating displacement vectors (e.g. White, et al., 2003).  

In order to capture the soil movement in this way, three Canon XTi Digital SLR cameras (DSLR) 

with 3888 x 2592 resolution, as well as one Phantom high-speed camera are fixed to a secondary 

tilting surface adjacent to the soil box.  The channel connecting the two tilting surfaces ensures 

that the cameras are always in line with the soil box, and the field of view (FOV) of each camera 

remains constant.  The DSLR cameras are controlled remotely, and were programmed to take 

images at five second intervals throughout the entire test, capturing the soil movement throughout 

each stage of the test.  Figure 2.8 shows the typical FOV of the middle DSLR camera, capturing 

between 145 mm-380 mm from the crest.  Each FOV is subdivided into a mesh of pixel patches 

which geoPIV software, developed by White et al. (2003), uses to track the movement.  In this 

analysis, the FOV was divided into 442 patches, 64 x 64 pixels in size as shown. 

 

Naturally this soil is a uniform white colour, and as a result, geoPIV is unable to accurately track 

soil movement without modification (Dutton, et al., 2011).  In order to increase the contrast in the 

soil to allow geoPIV to generate more accurate results, a small layer of darker sand (sieved to the 
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same grain size distribution of the silica sand) was deposited along the glass pane after each soil 

lift.  This resulted in the textured face surface of the soil seen in Figure 2.8. 

 

Under centrifuge loading, the cameras will experience image shifting as a result of the increased 

self-weight of the lens.  White et. al (2003) accounted for these errors with the use of stationary 

targets positioned on the inside of the window, adjacent to the sand.  These black dots, also seen 

Figure 2.8, serve as reference points in the analysis.  Moreover, these dots are also used as 

calibration points to convert the image space pixel displacements calculated using geoPIV into 

engineering coordinates in millimetres.  

 

The infinite slope models described in Table 2.2 were prepared dry with the box in a level 

position, following which those to be tested at elevated stresses were spun up to the 

predetermined gravity level, 60g.  Each test then continued with the lowering of the downslope 

end of the soil box at a constant rate of 0.5 mm/sec, increasing the slope angle and corresponding 

shear stresses based on the vertical drive position, until the slope experienced surface ravelling.  

According to geotechnical centrifuge scaling laws (Schofield, 1980), model dimensions in the 

elevated stress tests increase to an apparent prototype length of 40 metres and soil depth of 3.6 

metres, approximating a natural shallow sloped soil layer.  The increase in apparent soil depth 

also corresponds to increased body forces as a result of the higher gravity load.  It is therefore 

also important to note that as gravity is applied, compression in the sample will occur as a result 

of the increased normal stresses.  This is discussed in the following sections.   

2.4 Effect of void ratio on instability behaviour at low stress (1g)  

A series of six tests were performed at 1g on dry infinite slopes with void ratios ranging from 

0.57 to 0.78, spanning the difference between emax and emin for the silica sand used.  Each sample 
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was rotated through a range of increasing slope angles and corresponding increasing shear 

stresses in order to create instability behaviour in the slope. 

 

Using geoPIV, the soil grain movements could be determined from the series of photographs 

captured for each test.  As a result of the simulated infinite slope conditions, soil behaviour is 

expected to be consistent throughout most of the length, with inconsistencies at both the toe and 

crest due to end effects.  In order to validate this assumption, the horizontal and vertical 

displacements have been analyzed along the entire length of the slope by compiling the image 

data from each camera FOV for a typical test.  The resulting displacement vectors shown in 

Figure 2.9 exhibit generally infinite slope behaviour, with inconsistencies at both the crest and the 

toe.   As expected, the sample shows a visible detachment from the box at the crest, and 

conversely, a compression zone at the toe.  Furthermore, the soil surface velocity for the same 

increment of soil movement along the length of the model is shown in Figure 2.10.  This figure 

again shows the inconsistencies in movement at the toe and crest, as well as generally uniform 

movement in the mid-slope section.  Because the toe and crest end effects extend over a large 

section of the slope, the geoPIV analysis region selected for strain calculation is centered in the 

portion above mid-slope, as shown in both Figure 2.9 and Figure 2.10.    

 

The profiles of horizontal and vertical soil displacements were calculated every five seconds 

during each experiment in the strain measurement region.  These values were then averaged over 

the length of each patch row to calculate the profile of average movement with depth.  Figure 

2.11 shows typical results for a loose test (e0 = 0.76) over a range of angles.  The horizontal 

movement profiles in Figure 2.11a describe very little initial movement as the slope is rotated to 

approximately 24°, followed but a substantial increase in movement at higher angles.   These two 

distinct movements downslope take place over much smaller changes in slope angle and indicate 
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lurches between 23.8° and 27.4°, as well as 27.4° and 30.9°.  Similarly, the vertical movement 

shown in Figure 2.11b is characterized by very small changes in y-position over the initial range 

of slope angles, followed by two distinct large displacements at higher angles.  The total vertical 

movement is in the negative y-direction, showing that the sample experiences compressive 

behaviour with increased shear straining.  Because the purpose of this analysis is not to produce a 

precise measurement of strain, but to develop an average metric of the amount of shear distortion, 

a depth average formulation was used to calculate the shear and volumetric strains from these dx 

and dy profiles.  Additionally, with this infinite slope approximation, the vertical component of 

shear strain is negligible.  

 

Figure 2.12 shows both the displacement of the top row of patches as well as the resulting 

calculated depth averaged shear and volumetric strains with slope angle for the same typical test 

described above (e0 = 0.76).  These plots show, in greater detail, small gradual displacements up 

to 20°, followed by sudden large displacements associated with sudden large increases in shear 

and volumetric strain.  These events are described as strain lurches, and as sudden increases in 

strain rate, they mark instability in the slope.  In the case of this loose test, several instances of 

instability are recorded.  Eventually, the test ends when the slope experiences surface ravelling at 

33.7°. 

 

In order to compare the resulting instability behaviour for different void ratios, the shear and 

volumetric strain results for each void ratio are displayed together in Figure 2.13.  According to 

stress-dilatancy theory, it is expected that contractive behaviour will occur in the loose samples, 

and dilative behaviour in the dense samples.  As shown in Figure 2.13, the loose samples exhibit 

contractive behaviour along with larger strain lurching occurring before surface unravelling.  

These strain lurches, indicated by dots for each of the four “loose” samples, increase in size and 
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frequency with increasing void ratio.  Conversely, the two “dense” samples are identified based 

on their dilative response.  These tests experience no instances of instability and distinct positive 

volumetric strain. 

 

As stated, these strain lurches indicate instability in these slopes.  Although the test samples were 

completely dry, in a saturated state these spikes in shear and volumetric strain would correspond 

to a sudden increase in pore pressure, potentially triggering liquefaction.  In order to identify 

these key lurches, shear and volumetric strain rates were calculated using the incremental strains 

over time.  Characterized by sudden increases in strain rate, they are easily identified and 

quantified.  Although strain values are calculated at 5 second intervals, based on the image 

capture frequency, the absolute value of strain rate will still be significantly affected by these 

events.  The shear and volumetric strain rates versus slope angle are shown in Figure 2.14 for a 

typical loose test (e0 = 0.76).  As seen, in this particular test there are four individual instances of 

instability before failure, and these are denoted by letters A through D.  These strain lurches are 

used to define the instability condition, as the first instance of instability identifies the angle at 

which the sample enters the zone of potential instability, therefore defining the instability line 

angle.  In the case of this loose test, this corresponds to an angle of 20.4°.   

 

In the same way, the strain rates were plotted for each 1g test, and the first instances of strain 

lurching were identified.  Figure 2.15 shows the resulting instability angles against the initial void 

ratio for each test, along with the eventual surface ravelling angle.  The two loosest soil models 

both exhibited multiple lurch events occurring at low angles, and the resulting instability line 

angles are significantly smaller than the surface ravelling angles.  The two mid-range void ratio 

models showed comparable instability behaviour, with one occurrence of strain lurching in each 

model and similar resulting instability lines angles much closer to the surface ravelling angles.  
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As a result, there is a significant change in instability line angle and the corresponding instability 

behaviour for this soil between initial void ratios of 0.70 and 0.76.  The two dense tests 

experienced dilative response to increased shear stress and no instability before surface ravelling.  

These results also indicate a slight increase in slope ravelling angle associated with lower void 

ratios, potentially indicative of a slightly dilative response in the top layer of grains. 

2.5 Effect of void ratio on instability behaviour at high stress (60g) 

The results of the testing performed at 1g clearly show that instability occurs in granular soils at 

low stresses.  However, at the field scale, the very loose states in which this instability was seen 

are very difficult to sustain under high stress levels.  As a result, this tilt-table apparatus can be 

used to investigate this phenomenon at these field-scale stresses, with normal stresses in the range 

of 5-25 kPa.  A series of 6 infinite slope model tests were performed at 60g with initial pre-

compression void ratios ranging from 0.54 to 0.76. 

 

As each sample is spun up to these elevated stress levels, the soil will undergo compression due 

to the increase in self-weight.  Therefore the consolidated test sample void ratios at the beginning 

of slope rotation were slightly lower than those at 1g.  Using the image data obtained during this 

spin-up stage along with geoPIV, the vertical displacements are measured and these post-

compression void ratios can be calculated (see Table 2.2).  Figure 2.16 shows the resulting 

displacement vectors for a typical loose test, demonstrating that compression is uniform 

throughout the sample. 

 

After each sample reached final consolidation at 60g, each was rotated until it experienced 

surface ravelling.  The same analysis process was implemented as for the 1g tests, using the 

images obtained from each DSLR camera over the length of the test to generate horizontal and 

vertical displacement vectors for each pixel patch in geoPIV.  Again, using a depth average 
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formulation, shear and volumetric strains were calculated based on these calculated 

displacements.  Figure 2.17 shows the resulting shear and volumetric strains with slope angle for 

each void ratio tested.  Similar to the 1g tests, this testing yielded both contractive and dilative 

responses in the soil depending on the void ratio, as expected from stress-dilatancy theory.  As 

shown, the two “loose” samples are identified as those which experienced contractive behaviour 

when subjected to increased shear stresses.  More importantly, these samples also show clear 

instances of instability, denoted by the labelled strain lurches, increasing in magnitude and 

number with increasing void ratio.  Conversely, four “dense” samples show dilative behaviour 

and zero instability. 

 

Instability was only witnessed in the two loosest samples (e0 = 0.72 and e0 = 0.67), each 

experiencing multiple strain lurch events.  These were identified by plotting the shear and 

volumetric strain rates, as done previously for the 1g tests, and the first spike in strain rate was 

identified as the first instance of instability.  This angle was therefore chosen as the instability 

line angle, and these are shown in Figure 2.18 alongside the surface ravelling angle for each 

sample.  As expected, instability line angles decrease with increasing void ratio.  Additionally, a 

similar decrease in surface ravelling angle with increased void ratio is obtained from these 60g 

tests.  However, contrary to the 1g results, these surface ravelling angles are generally much 

higher and decrease by much smaller increments over the range of void ratios. 

2.6 Discussion  

For dry sand on an infinite slope, the effective normal stress and shear stress are based on soil 

unit weight (γ), soil depth (z), and slope angle (β): 

            (1) 

              (2) 
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Figure 2.19 shows typical behaviour of soil subject to shear (e.g. simple shear) for loose and 

dense soils as illustrated by Taylor (1948).  Loose samples under these stress conditions exhibit 

entirely contractive behaviour with a decreasing rate of dilation.  Conversely, although exhibiting 

initial contractive behaviour, dense samples experience stiffening at small plastic strains and 

corresponding peak strength followed by dilation.  Assuming the validity of the infinite slope 

stress conditions as designed, the observed shear and volumetric stress behaviour can be 

evaluated in terms of this stress-dilatancy framework, but under dry conditions.  However 

because these approximated infinite slope model tests are performed without a top confining 

pressure, the response will differ in that the samples experience a truncated response, 

characterized by surface ravelling of the free surface.   

 

The shear and volumetric responses for both the 1g and 60g tests are shown in Figure 2.20 and 

Figure 2.21.  As expected, typical stress-dilatancy response is demonstrated in these results.  The 

dense models under both normal stress elevations show dilative response at high shear stress.  

Conversely, loose samples exhibit large volumetric and shear strain at lower shear stresses, 

indicative of strain-softening.  The expected truncated response is observed in each sample.  

Additionally, because the infinite slope models are stress controlled, strain lurches are allowed to 

develop in the sample during shearing, unlike in simple shear.  In a saturated soil model, the 

generation of excess pore water pressure is a function of these volumetric strains, and stress-

dilatancy theory implies that these changes in shear and volumetric strain are therefore related. 

 

A modified Cam-Clay model has been proposed by Davis and Selvadurai (2002) to translate the 

concept of work-hardening to simple shear conditions.  As in simple shear, the unit soil block in 

the derivation is subjected to only normal and shear stresses, corresponding only to vertical 

extensional strain (volumetric strain) and shear strain.  Lateral strains are neglected.  The plastic 
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work equation (Equation 3) is written as a function of normal and shear stress (σ’ and τ), resulting 

in increments of plastic strains dεp and dγp. 

               (3) 

In simple shear, the plastic work component is dissipated by internal soil interface friction.  This 

can be modelled after the frictional work dissipated by a block sliding down a smooth plane 

(Taylor, 1948; Houlsby, 1991).  As a result, this term is written as a function of shear strain rate, 

normal stress, and a proportionality coefficient, k (Equation 4).  The frictional plane interface 

angle is equivalent to the critical state friction angle, and k is therefore equal to tanφcs, as shown 

in Equation 5 (Houlsby, 1991). 

          (4) 

               (5) 

By replacing the dissipation term (D) with the plastic work component (Wp), it can be shown that 

increments of shear strain and volumetric strain are not independent of each other, but increase at 

constant ratio dependent on stress ratio and the frictional constant.  This relationship is displayed 

as Equation 6. 

 
   

   
        

 

  
 (6) 

This equation is therefore used to investigate whether stress-dilatancy holds for the observed 

instability behaviour exhibited in the approximate infinite slope models.  Increments of shear and 

volumetric strain over a range of stress ratios were determined for each 1g and 60g test, and the 

associated friction angle was calculated based on this stress-dilatancy framework.  The results of 

this comparison are displayed in Figure 2.22, plotted versus the cumulative shear strains for shear 

strains larger than 2%.  These plots illustrate this generally constant calculated critical state 

friction angle throughout the progression of strains in each test, approaching the mean surface 

ravelling angle for both the 1g and 60g tests.  This verifies the applicability of stress-dilatancy 

theory to this approximated infinite slope soil model, as it holds to this framework developed 
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under simple shear conditions.  This framework can therefore also be used to relate the resulting 

increments of volumetric strain to the change in shear strain in order to quantify the effects of 

instability on the pore water pressure. 

2.7 Conclusions 

Static liquefaction is typically characterized as a flow landslide resulting from the occurrence of a 

monotonic trigger event such as rainfall.  If the slope does not dissipate the corresponding 

elevated pore water pressures, the decrease in effective stress may cause instability.  This 

phenomenon, explained as the inability of a soil to sustain the current load, will lead to a chain 

reaction characterized by sudden large increases in strain rate and corresponding spikes in the 

pore water pressure.  This sudden generation of excess pore water pressure may trigger 

liquefaction in these granular slopes.   

 

The instability phenomenon has been shown to extend into plane strain, and it is therefore 

important to continue to investigate this behaviour at field-scale stresses under these conditions.  

To accomplish this, Wolinsky et al. (2013) developed an infinite slope tilt table apparatus to 

allow the testing of granular soil in plane strain with a free surface within a geotechnical 

centrifuge.  This testing apparatus was used to perform dry instability behaviour testing in soil 

over a range of void ratios and effective stress levels.  By performing these tests dry, it was 

possible to decouple the causes of instability from the consequences by simulating instability 

without the corresponding spikes in pore water pressure and potential liquefaction.  This infinite 

slope model approximation provides stress-controlled conditions, and allows the simplified 

calculation of the stresses in the slope by minimized end considerations. 

 

Tests were performed at centrifugal acceleration levels of 1g and 60g for a series of void ratios 

between the minimum and maximum dry values for the F110 Silica sand used, ranging from very 
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loose to very dense.  The results illustrated the occurrence of instability in the loose slope models 

in the form of strain lurches, characterized by a sudden increase in strain rate.  By definition, the 

stress ratio corresponding to the first instance of instability in each sample lies within the zone of 

potential instability, and therefore this slope angle was defined as the instability line angle for that 

test.  In comparing the resulting instability line angles over the range of void ratios tested, there is 

a clear increase in instability line angle with decreased void ratio at both effective stress levels.  

Furthermore, comparing the instability line angles obtained for the 1g tests with those from the 

60g demonstrates not only an increase in instability line angle with increased effective stress, but 

also an increase in the surface ravelling angle.  These results clearly establish that instability 

behaviour in granular slopes is a direct function of both void ratio and effective stress.   

 

The instability behaviour exhibited in the loose soil models was accompanied by a general 

contractive behaviour.  Conversely, the dense models exhibited no instability, and a generally 

dilative behaviour.  These results indicate that typical stress-dilatancy behaviour has been 

simulated in these infinite slope soil models with the occurrence of both strain-softening and 

strain-hardening for loose and dense models.  To confirm this further, the stress-dilatancy 

framework developed for simple shear has been adopted for this infinite slope soil model 

approximation.  This framework defines the relationship between the magnitudes of incremental 

changes in shear and volumetric strain in terms of the critical state friction angle and stress ratio.  

Evaluation of the results in this way show that the same stress-dilatancy theory developed in 

simple shear also holds for the infinite slope model  

 

This infinite slope tilt-table apparatus has therefore been shown to simulate instability in a 

granular slope by allowing the occurrence of strain lurches under stress-controlled conditions.  

This apparatus provides the ability to perform these tests in dry conditions and therefore decouple 
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the causes from the undrained effects of instability in order to allow the evaluation of these causes 

alone.  The obtained results quantified the dependence of instability behaviour on both the void 

ratio and effective stress.  As a result, this testing methodology can be adapted to further 

investigate instability behaviour in infinite slopes subject to increased pore pressures with the 

addition of a pore fluid.  This further testing would allow the analysis of the added effects of pore 

water pressure on instability behaviour and the corresponding consequences. 
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Table 2.1 – Important properties of Ottawa F-110 Silica Sand as determined by 

Santamarina & Cho (2001). 

Friction Angle (φcs) 31° 

emax 0.848 

emin 0.535 

D50 (mm) 0.12 

D10 (mm) 0.081 

Cu 1.62 

Cc 0.99 

Gs 2.65 

 

Table 2.2 – Description of the tests performed under dry conditions, indicating the applied 

centrifugal acceleration and test void ratios. 

Test g level Initial Mean 

Void Ratio 

Void Ratio prior 

to Tilting 

Density prior to 

Tilting (kg/m
3
) 

T02 1 0.78 0.78 1488.8 

T03 1 0.57 0.57 1687.9 

T04 1 0.61 0.61 1646.0 

T05 1 0.76 0.76 1505.7 

T06 1 0.70 0.70 1558.8 

T08 1 0.65 0.65 1606.1 

T13 60 0.65 0.64 1615.9 

T14 60 0.76 0.72 1540.7 

T15 60 0.70 0.67 1586.8 

T17 60 0.61 0.60 1656.3 

T18 60 0.57 0.57 1687.9 

T19 60 0.54 0.54 1720.8 
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Figure 2.1 – The location of the instability line and zone of potential instability as defined by 

Lade (1992) from untrained triaxial testing. 
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Figure 2.2 – The influence of void ratio on instability behaviour in undrained triaxial 

compression testing (e.g. Lade, 1992; Chu et al., 2003).  a) Soil samples exhibit an increase 

in instability line angle with decreasing void ratio. b) The corresponding behaviour is 

characterized by strain softening (reduction in strength and large plastic strains) in loose 

samples and strain-hardening (increased strength) in dense samples.   
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Figure 2.3 - Relationship illustrating the effect of void ratio on the instability line angle, 

normalized with respect to the peak effective stress ratio for both undrained triaxial and 

plane strain results and the critical state void ratio. 
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Figure 2.4 - Description of dry testing performed by Wolinsky et al. (2013), illustrating the 

inferred stress paths and corresponding soil behaviour for loose infinite slope soil models 

tested at different centrifugal acceleration levels. 
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Figure 2.5 - Pictorial representation of the infinite slope tilt-table testing apparatus 

developed by Wolinsky et al. (2013) and utilized in the described test methodology, 

identifying key features. 
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Figure 2.6 - Rendering of the side view of the box, describing the location of the soil model 

with respect to the viewing pane and camera FOV. 
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Figure 2.7 - Grain size distribution curve for F110 Ottawa Grade Silica Sand as determined 

through laboratory tests. 
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Figure 2.8 - Description of the typical analysis performed using geoPIV to analyze soil 

movement.  The PIV analysis region is divided into subsets 64x64 pixels in size, and the 

resulting horizontal and vertical movements are tracked and converted to real 

measurements in mm through calibration to the control markers shown. 
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Figure 2.9 – Typical geoPIV displacement vector results showing soil movement corresponding to increased slope angles in the infinite 

slope soil models.  This confirms general infinite slope behaviour, with inconsistencies at the crest and toe as expected.  The PIV analysis 

zone lies within the portion of the slope exhibiting strictly infinite slope behaviour, as shown.  
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Figure 2.10 - Soil Surface Velocity along the length of the soil model.  This describes the 

generally uniform movement at mid-slope, synonymous with the infinite slope 

approximation, with inconsistencies at the crest and toe as expected.  The PIV analysis zone 

lies within the portion of the slope exhibiting infinite slope behaviour, as shown 
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Figure 2.11 - Typical profiles of a) horizontal soil movement with depth and b) vertical soil 

movement with depth for a range of slope angles.  These demonstrate the occurrence of 

large strain events at higher slope angles.  These also illustrate the general linearity of these 

profiles, justifying the use of a depth average formulation for evaluating the resulting shear 

and volumetric distortion. 
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Figure 2.12 - Typical a) horizontal and b) vertical movement of the top of the soil surface 

over the entire slope rotation, and corresponding calculated depth-averaged shear and 

volumetric strains. 
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Figure 2.13 - Resulting depth-averaged a) shear and b) volumetric strain results for all 1g 

dry tests.  These indicate contractive behaviour in loose samples characterized by instability 

in the form of strain lurches, compared to the apparent dilative response in the dense 

samples. 
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Figure 2.14 - Typical a) shear and b) volumetric strain rates throughout slope rotation 

observed in a loose test.  Occurences of instability in the slope, characterized by a sudden 

increase in strain rate, are indetified in theses plots. 
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Figure 2.15 - Identified instability line angles for each 1g void ratio compared to the 

ultimate surface ravelling angle.  This illustrates an increase in instability line angle with 

decreasing void ratio, and the lack of any instability behaviour in the dense samples.  

Additionally, this illustrates a corresponding increase in surface ravelling angle with 

decreasing void ratio. 
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Figure 2.16 - Typical geoPIV displacement vectors illustrating compression response in the 

soil models when subjected to increased effective normal stress due to increased centrifugal 

accleration at 60g. 
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Figure 2.17 - Resulting depth-averaged a) shear and b) volumetric strain results for all 60g 

dry tests.  These indicate contractive behaviour in loose samples characterized by instability 

in the form of strain lurches, compared to the apparent dilative response in the dense 

samples. 
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Figure 2.18 - Identified instability line angles for each 60g void ratio compared to the 

ultimate surface ravelling angle.  This illustrates an increase in instability line angle with 

decreasing void ratio, and the lack of any instability behaviour in the dense samples.  The 

instability and surface ravelling angles illustrated for these tests are significantly higher 

than those identified in the 1g tests. 
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Figure 2.19 - Stress-dilatancy theory described in terms of typical behaviour of soil subject 

to shear.  Assuming the validity of the infinite slope behaviour in the soil models, similar 

behaviour is expected from the test results, but with a truncated response due to the lack of 

confining pressure as illustrated. 
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Figure 2.20 - 1g results expressed in terms of the stress-dilatancy framework for simple 

shear illustrating the expected contractive strain-softening behaviour in loose soil models 

and dilative strain-hardening in dense soil models. 
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Figure 2.21 - 60g results expressed in terms of the stress-dilatancy framework for simple 

shear illustrating the expected contractive strain-softening behaviour in loose soil models 

and dilative strain-hardening in dense soil models. 
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Figure 2.22 - Quantitative analysis of the observed instability response for a) 1g results and 

b) 60g results in terms of stress-dilatancy.  The general agreement between inferred critical 

state friction angles calculated based on incremental strain ratio and stress ratio confirm 

the applicability of the stress-dilatancy framework, as developed for simple shear, to the 

infinite slope soil model apparatus. 
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Chapter 3 

Investigation of the Effects of Groundwater Seepage on Instability 

Behaviour in Infinite Slope Models under Plane Strain Stress 

Conditions 

 

3.1 Introduction 

Flow or static liquefaction landslides, such as the series of rainfall-induced failures occurring in 

Hong Kong during the 1970s, are characterized by the sudden release of a soil mass in a fluid-like 

manner (Knill, Lumb, Mackey, de Mello, Morgenstern, & Richards, 1976; Sladen, D'Hollander, 

& Krahn, 1985; Morris, 1983).  Lade (1992) and others have linked these flow events to pre-

failure instability in loose soils.  This sudden loss of shear resistance is a result of the generation 

of excess pore water pressures in the slope, induced by shearing that occurs as a result of the 

soil’s inability to sustain the current load.  A monotonic trigger event, such as a rainfall 

infiltration which creates a localized failure event, is typically sufficient to cause instability.  

These shear-induced pore water pressures start a chain reaction which may lead to continued 

strain-softening behaviour and result in flow liquefaction, occurring when the pore water pressure 

becomes greater than the effective normal stress in the slope (Yamamuro & Lade, 1997; Leroueil, 

et al., 2009; Wanatowski, et al., 2010; Lade & Yamamuro, 2011).     

 

Extensive triaxial testing has been performed in order to further define the stress conditions for 

instability (eg. Lade, 1992; Yamamuro & Lade, 1997; Chu, et al., 2003; Wanatowski & Chu, 

2007; Leroueil, et al., 2009).  Following the work of Lade (1992), the boundary which separates 

the potentially unstable stress ratios from those that are stable has been called the instability line.  

The location of this boundary is defined as the peak of the undrained effective stress paths for a 
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material in triaxial stress space, as shown in Figure 3.1.  Soil stress ratios that fall between this 

line and the critical state line may therefore experience instability. 

 

This instability behaviour phenomenon studied under triaxial compression has been shown to 

extend into plane strain conditions.  Wolinsky et al. (2013) developed a tilt-table testing apparatus 

for use in a geotechnical centrifuge, to investigate instability behaviour in plane strain, infinite 

slope stress conditions.  In Chapter 2, this tilt table was used to simulate instability in dry granular 

slopes at various void ratios and confining stresses.  As a result of these tests, stress-dilatancy 

theory was shown to hold under these infinite slope conditions, as both strain-softening and 

strain-hardening behaviour was observed in the loose and dense samples, respectively.  The loose 

samples at both confining stresses clearly showed instability in the form of “strain lurches”, 

characterized by the sudden increase in shear and volumetric strain rate.  These events varied in 

magnitude and frequency based on the void ratio.  The tests were performed dry, and therefore 

allowed the de-coupling of the causes of these instability events from the consequences to the 

pore pressures in a saturated slope condition.   

 

The objective of this chapter is to examine the impact of seepage forces on the instability 

behaviour of a simulated infinite slope.  The tests performed simulate different slope angle cases 

subjected to groundwater seepage to investigate the potential instability response in undrained 

plane strain.  

3.2 Background 

Because instability is characterized with large strain behaviour, yielding is a necessary condition 

for such events, however yielding itself does not imply instability.  The key distinction is that 

while yielding is marked as an increase in deformation from an increment in stress, instability is 

defined by a sudden increase in strain increment rate (Chu, et al., 2003).   
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Instability is considered as a precursor to liquefaction, and due to the heightened risk associated 

with flow failures, it is the goal of this field of ongoing research to determine the stress state at 

which this yielding will happen (Chu, et al., 2003; Lade & Yamamuro, 2011).  The majority of 

the research completed has been under undrained triaxial compression conditions, and this testing 

has demonstrated that soil will either experience strain-hardening (regained strength) or strain-

softening (large straining and collapse) based on the soil’s dilative or contractive tendencies, 

respectively.   It has been shown that the dilative or contractive tendency of soil is heavily 

dependent on its void ratio, and therefore the state parameter (Been & Jefferies, 1985). 

 

Unlike undrained triaxial compression, the monotonic trigger for instability is typically a result of 

increased pore water pressure due to rainfall or seepage.  Therefore it is also necessary to further 

investigate the instability phenomenon under stress conditions that mimic field conditions 

(Leroueil, 2001; Chu, et al., 2003).  A more realistic stress path may be one driven by decrease in 

effective stress from water infiltration, bringing the soil stress state into the zone of potential 

instability.  A triaxial test which simulates this stress path is called a constant shear drained 

(CSD) test.  This type of testing has shown instability behaviour similar to that seen by Lade 

(1992) and others from undrained testing (e.g. Chu, et al., 2003; Leroueil, et al., 2009; Chu, et al., 

2012). The drained triaxial specimens are brought to failure not by increasing the deviatoric 

stress, but by decreasing the confining stress.    

 

The instability phenomenon has been shown to also extend into plane strain conditions.  

Wanatowski & Chu (2007) showed that many of the instability line concepts developed from 

triaxial testing are valid regardless of stress condition.  It is therefore very useful to perform 

testing in plane strain, which is more representative of the stress conditions soil would see in a 
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field scale slope (Wanatowski & Chu, 2007; Wanatowski, et al., 2010).    The infinite slope 

model allows the approximation of the slope to a unit block of soil, of unit width, governed solely 

by unit weight and slope angle.  Further simplifying this plane strain model slope to an infinite 

slope would allow the calculation of the inferred stress paths, as the minimization of end effects 

allows the simple calculation of the shear and normal stresses in the soil based on slope angle, 

unit weight and soil depth only. 

 

In efforts to further investigate the effects of increased pore water pressures from simulated 

rainfall on stability of model slopes in plane strain, a tilting table was developed by Wolinsky et 

al. (2013) for use in a geotechnical centrifuge.  This testing apparatus consists of a soil box of a 

10:1 length to width aspect ratio in order create these plane strain, infinite slope conditions.  This 

soil box was constructed with the ability to rotate freely through a range of angles, and therefore 

impose static shear stresses, and the ability to raise and lower groundwater levels within the 

slope.  Centrifuge modelling has been shown to successfully maintain capillarity and body 

stresses in the correct proportion for large-scale field behaviour, despite the use of the small-scale 

model (Take, Bolton, Wong, & Yeung, 2004; Rezzoug, Konig, & Triantafyllidis, 2004; Garnier, 

et al., 2007).  By increasing the gravity level, the stress conditions in the model slope will 

approximate those seen in a full-scale prototype (Ng, 2008). 

 

In Chapter 2, this testing apparatus was used to investigate instability in dry granular soils.  In this 

testing, dry sand was deposited by dry pluviation in this soil box at different void ratios.  Once the 

test package was spun up to the appropriate gravity acceleration level, the box was rotated until 

instability or surface ravelling occurred.  The stress path of the infinite slope progressed solely as 

a result of increased shear stresses and decreased effective normal stresses from the rotation and 
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increased slope angles.  As a result, the effects of both void ratio and confining stress on 

instability behaviour in dry granular slopes were investigated. 

 

The results of these tests showed sudden spikes in the shear or volumetric strain rate in loose 

samples throughout rotation.  These strain lurches demonstrate instability in the model slope, 

therefore showing the instability phenomenon can be simulated in completely dry material.  The 

classical understanding of instability, however, relies heavily on the response of pore water 

pressure to strains and failure.  Since water is relatively incompressible, this response would be 

very different from that of an air pore fluid, which is compressible.  While water would show an 

increased pressure as a result of compression, gas would not, therefore because the soil is totally 

dry it is possible to uncouple the cause of instability from the consequences (Wolinsky et al., 

2013).  In order to gather a more complete understanding of the infinite slope response to 

decreased effective normal stress, increased shear stress, and the corresponding instability, a pore 

fluid must be added to this experimental design.  The introduction of water as the pore fluid 

should simulate pore water pressure spikes associated with these strain lurches, and ultimately 

liquefaction if these were to occur. 

 

If the groundwater is raised so as to increase the pore water pressure, the effective normal stress 

will decrease and the stress ratio moves toward the critical state line and into the zone of potential 

instability.  If the specimen is loose, strain-softening will then occur and the stress path will 

follow the critical state line to the point of failure as a result of loss of shear resistance (Take, 

Bolton, Wong, & Yeung, 2004).  Therefore in order to investigate the effect of a rising 

groundwater table on the instability mechanism in granular soils, the soil box must be first rotated 

to an angle and stress state which is outside the zone of potential instability, then water raised 

until instability occurs.  The potential stress paths for such testing are compared to that of a 
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hypothetical dry soil test in Figure 3.2.  Case A shows a completely dry soil sample, which after 

being prepared level and spun up to the selected g-level (I), is rotated at a constant rate until 

surface ravelling (V).  It is seen in the plot that the stress state first passes into the zone of 

potential instability (IV), characterized by a sudden increase in strain rate (or strain lurch) as 

described in Chapter 2.  Conversely, Case B and Case C show the hypothetical stress paths for 

two different wet test cases.  These, after being prepared level and spun to the selected g-level (I), 

are rotated to smaller slope angles (II and III) so as to not pass into this zone of potential 

instability, following which pore pressure is introduced in the form of a rising water table.  Case 

B (Figure 3.2b) describes a sample which has been rotated to a smaller slope angle (II), following 

which the groundwater level is raised to the surface of the soil model (IIwet).  As a result of the 

low inclination and corresponding initial stress ratio, the increase in pore water pressure affiliated 

with a water table height equal to the depth of the soil layer is not sufficient to bring the stress 

condition into the zone of potential instability.  Similarly, groundwater seepage is introduced to 

sample Case C (Figure 3.2c), however since it has been rotated to a relatively larger slope angle 

(III), a smaller rise in groundwater and decrease in normal effective stress is great enough to 

bring the stress state into the zone of potential instability.  Once the stress state reaches this point 

it will experience strain-softening, characterized by increased strain with no additional shear 

stress (IIIwet).  The additional increase in pore pressure induced by this increase in shear and 

volumetric strain brings the stress condition further into this zone of potential instability, and 

ultimately failure. 

 

The dry granular infinite slope testing performed has allowed the uncoupling of the causes of 

instability from the consequences, and therefore a direct study of shear and volumetric strains 

associated with unstable stress conditions.  However, in order to gain an understanding of the 

pore fluid response to instability, it is necessary to introduce a relatively incompressible pore 
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fluid to the sample in order to simulate the pore pressure response to instability.  The objective of 

this chapter is to attempt to bring an infinite slope to instability under a rising groundwater level.  

Two models were tested, each with a different slope angle and corresponding initial stress 

condition.  This testing was performed by Dale Brunton. 

3.3 Materials and Methods 

The infinite slope conceptual model can be adapted for testing in order to re-create these stress 

conditions in a soil.  This model can be approximated using a unit slice that extends the depth of 

the soil, because as a result of the aspect ratio, end effects are ignored.  Assuming a frictional 

base and free top surface, the stresses in the soil are therefore governed by soil depth, water table 

height, density and slope angle.  The stresses within this soil block are assumed therefore to 

extend the length of the slope, and failure surfaces are therefore typically long, shallow and 

parallel to the soil surface.  In adapting this model for physical modelling, it is possible to control 

each of these parameters.  Similar tests performed under totally dry conditions have shown 

instability behaviour in granular material.  However, in order to understand more fully how the 

pore pressure are affected by these strain lurches, we must adapt the testing method to transition 

the pore fluid from air to water.  For the tests performed in this study, water is introduced to the 

sample as seepage flow from a rising water table.   

 

The basis of centrifuge modelling is to allow a small-scale model to experience enhanced 

centrifugal acceleration in order to subject the soil to stresses that would likely be seen in a field 

scale prototype slope.  The advantage of this type of physical modelling is that these higher 

stresses are simulated and boundary conditions applied with an elevated level of control in a 

laboratory setting.  With known total stress and pore water pressures, as well as slope angle, it is 

therefore possible to impose the desired stress path.  Using the pixel tracking technology of 
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geoPIV, the resulting shear and volumetric strains can be calculated from a series of digital 

images, producing an analysis of these mechanisms (White, et al., 2003). 

3.3.1 Test Geometry 

The testing apparatus used to physically model this theory was constructed by Wolinsky et al. 

(2013) for use in the Acutronic 680-2 geotechnical centrifuge at the C-CORE facility in St. 

John’s, Newfoundland.  This tilt table, as shown in Figure 3.3 and Figure 3.4, was designed with 

a 10:1 length to width aspect ratio in order to approximate infinite slope plane strain conditions.  

The soil box, with a length of 680 mm and depth of 80 mm, is fixed by pin connection with slight 

eccentricity to a fulcrum base to allow free rotation in the clockwise direction.  As a result, the 

soil box is allowed to move through a range of slope angles, controlled by a vertical drive fixed to 

the downslope end.  The range of slope angles allows for a range of initial stress conditions, 

unique to each test.  The soil box position is controlled by a vertical drive which allows the 

downslope end to lower according to an attached string pot, at a rate of 0.5mm/sec.  In addition, a 

single +/- 70 degree Rieker Inclinometer fixed to the soil box is also used to measure slope angle.   

Each of the tests in this program were performed at accelerations of 30g, or 30 times gravity, and 

as a result the soil sample behaviour simulated that of a slope of length 20.4 metres and depth 1.8 

metres.  This aluminum box is lined with a waterproof sand paper layer to create the rough 

boundary condition at the base of the soil column and an increased interface friction angle.  The 

front face of the soil box is composed of a 6.35 mm thick pane of glass supported by a 75 mm 

thick pane of acrylic glass.  The clear side allows for the cameras to adequately capture the soil 

movement, while the glass layer reduces wall friction.   All geometry components are sealed 

together using a silicone gel in order to create a no-flow boundary condition, save for the water 

in-flow and out-flow. 
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The soil used in these tests was F-110 Ottawa Grade Silica Sand.  Important soil properties as 

determined by Santamarina & Cho (2001) are summarized in Table 3.1 and the grain size 

distribution can be seen in Figure 3.5.  Additionally the water retention curve is shown in Figure 

3.6.  Before each test, the soil sample was prepared dry in the level soil box using dry pluviation 

to a depth of 60 mm.  The samples were placed at a moderately loose void ratio of 0.7, relative to 

both the emin and emax given in Table 3.1.   

 

Wolinsky et al. (2013) demonstrated that although soil depth, dry density and slope angle are 

easily controlled, controlling the water table height (and therefore pore pressure) is much more 

complex.  Multiple designs were implemented and tested in order to determine the most effective 

method for controlling the water height and pore water pressure in this system.  An applied 

seepage flux at the crest, with controlled total head boundary conditions at both the crest and the 

toe was adapted as the most successful method (Wolinsky et al., 2013). 

 

In the open system, shown in Figure 3.7, water is fed to the package along the centrifuge arm into 

both a standpipe and a reservoir tank.  Water is also fed to this standpipe from the reservoir using 

a remotely controlled pump during the test, and this standpipe is in series with the crest of the 

slope.  The water level in the standpipe, and therefore the crest, is measured using a pressure 

transducer in the base and controlled by an overflow pipe whose height is adjustable along a 

vertical track.  Water flows through the soil and out of the base of the slope into a second 

standpipe.  Similarly, the water height at the base and in the downslope pipe is controlled using 

an overflow pipe connected to the same head leveller and measured using a pressure transducer in 

the base.  Both overflow pipes flow directly into the reservoir tank.  The water table height was 

increased in increments by raising the overflow pipes and the applied boundary condition and the 

crest and toe.  However as a result, one of the consequences of this system is that water is 
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supplied at the toe and crest only, and therefore it will take a longer time for water to seep along 

the length of the sample and achieve a steady state at the specified water height (Wolinsky et al., 

2013).  However, in high hydraulic conductivity materials, such as the sand used is these tests, the 

time to reach steady state seepage is minimal. 

 

Each test, therefore, is first prepared with the soil box in the level position to the desired height 

and void ratio, following which the package is spun up to the predetermined gravitational 

acceleration in the centrifuge.  The specimen is then rotated by lowering the downslope end of the 

soil box at a rate of 0.5 mm/sec, increasing the slope angle, corresponding to the vertical drive 

position.  Once the sample has reached the initial slope angle, the groundwater is raised in a 

stepwise manner.  

3.3.2 Instrumentation 

Five pore pressure transducers (PPT) were fitted in the base of the soil box to measure pore 

pressures along the length of the simulated infinite slope during the test.  These were spaced 

along the length, concentrated in the center potion of the box base.  The image processing 

technique of Particle Image Velocimetry (PIV) was used to measure strains within the soil during 

the test.  PIV is a form of digital image correlation (DIC), which can be used to track movements 

of image subsets throughout a series of digital images based on individual pixel intensity, and 

produce both vertical and horizontal displacement vectors for these pixel patches (White, et al., 

2003).  The required digital images were captured using a set of three Canon XTi Digital SLR 

cameras (DSLR) fixed to an additional tilt-table adjacent to the soil box.  The two tilt-tables were 

connected so as to maintain the field of view (FOV) of each camera constant for simplified pixel 

analysis.   The cameras were controlled remotely though the use of a signal box and pictures were 

taken at five second intervals throughout the test.  Each field of view was then divided into a 

pixel patch mesh for use in geoPIV for displacement analysis and this typical mesh is shown in 
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Figure 3.8.  The typical mesh shown is for that of the centre camera FOV and is composed of a 

total of 320 pixel patches, each 64 by 64 pixels in size.  The FOV of the centre camera captures 

between 145 mm-380 mm from the crest of the slope and was the location used for the infinite 

slope analysis of stresses and strains, being in the centre of the slope.  In addition, a V9 Phantom 

high speed camera was mounted on the adjacent tilt-table to capture each failure event.   

 

In its natural state F110 Silica Sand is a uniform white material with a small grain size.  As a 

result it is very difficult to track using geoPIV without modification (Dutton, et al., 2011). In 

order to provide image texture for more accurate pixel tracking, a thin layer of darker coloured 

Fraser River Sand was deposited against the glass pane between sand lifts.  This textured surface 

is shown in Figure 3.8.  The use of sand texture is complemented by the use of tracking dots 

placed along the length and depth of the camera FOV adjacent to the sand, also shown in Figure 

3.8.  In addition to the sample, the cameras will also experience increased self-weight as a result 

of the increased gravitational acceleration, creating a magnified lens distortion in addition to the 

distortion already present due to refraction though the glass pane.  The purpose of these dots is 

therefore to provide reference targets of known location to calibrate the soil sample movements 

(White, et al., 2003).  Additionally, these allow the conversion of measured soil displacements in 

pixels to millimetres.  

 

The goal of this testing was to generate instability behaviour under infinite slope conditions by 

imposing a stress path designed to bring the stress ratio into the zone of potential instability.  This 

was done by rotating the slope to a specific angle and corresponding shear stress, then raising the 

water table until failure.  Raising the water table increases the pore pressures therefore decreasing 

the effective stress in the soil, approaching critical state.  The two slope angles chosen for the 

tests were 20°and 30°.  Using this methodology and infinite slope equilibrium, it is possible to 
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calculate these stresses throughout the test and therefore determine whether the slope enters into 

the zone of potential instability in stress space.  Additionally, it can be determined whether strain 

lurches, instability events seen in dry granular tests, correspond to shear-induced pore pressure 

spikes that lead to liquefaction.   

3.4 Results 

Each infinite slope soil model was deposited while the box was horizontal, then loaded into the 

centrifuge and spun up to 30g.  The box was rotated to the specific slope angle, and the water 

table was then raised in increments until either instability or steady-state seepage was observed.  

The void ratio of each soil model was 0.70, and based on the results of Chapter 2, each will 

demonstrate loose, contractive behaviour.  Specific characteristics for each test are described in 

Table 3.2.   

 

Figure 3.9 shows the resulting inferred stress paths for both rising groundwater level tests, 

compared to that of a dry test performed at 60g with the same void ratio.  This dry test, described 

in Chapter 2, experiences an initial increase in effective normal stress without any change in shear 

stress as it is spun up to test speed (60g) in a horizontal position.  Upon reaching this initial stress 

condition, the shear stress increases with a corresponding decrease in normal effective stress as 

the infinite slope model is rotated.  This rotation is continued into the zone of potential instability, 

marked by strain lurch events, until surface ravelling occurs.  Similarly, the wet tests described in 

this chapter are first spun up to the prescribed initial stress conditions at 30g.  Both models 

remain in the horizontal position during this stage and are subject to zero shear stress.  The 

effective normal stress increases proportionally to g level, therefore although both the wet and dry 

models are deposited at the same soil height (60 mm), the 60g test is subject to normal stresses 

twice the magnitude of those in the 30g tests.  In the next stage of testing each model is rotated to 

the prescribed test slope angle, characterized by an increase in shear stress and decrease in 
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effective normal stress.  Although neither has been designed to extend into the zone of potential 

instability, the stress ratios at the end of each rotation are distinctly different in that the 30° slope 

is brought into much closer proximity to this zone than the 20° slope.  As a result, as water is 

introduced with the rising groundwater level, the change in effective normal stress required to 

induce instability behaviour in each infinite slope will be much lower in the 30° model.   

 

Strains in the soil are calculated based on individual image subset displacements measured in 

geoPIV, which are then converted to horizontal and vertical displacements in millimetres (dx and 

dy).  These movements are depth averaged over the shear zone depth to generate shear and 

volumetric strains throughout each test.  From the dry tests conducted in Chapter 2, it was shown 

that shear and volumetric strain occurs throughout rotation, in addition to the sudden strain 

lurches seen as a result of instability.  In order to compare the total strains from dry rotation of the 

two wet tests to those exhibited by the full rotation of the dry test, performed at different 

gravitational accelerations and resulting stress levels, the shear stresses are normalized to the 

effective normal stress.  In Figure 3.10, this comparison is displayed to demonstrate that these wet 

tests follow a similar stress-strain path to that of the dry 60g test, and most importantly that 

neither of these enter the inferred zone of potential instability, as determined by the dry test.   

3.4.1 Instability behaviour in a steep (30°) slope subject to increased groundwater level  

A pictorial history of the imposed boundary conditions and resulting slope behaviour of the 30° 

infinite slope model is shown in Figure 3.11.  Over the progression shown, select water level 

stages are displayed, leading to eventual slope failure (Figure 3.11a through Figure 3.11d).  

Figure 3.11a shows the initial introduction of groundwater seepage to the slope, characterized by 

a small water level corresponding to low pore water pressure and capillarity.  Following this, 

water is raised in increments as shown.  As is evident from this figure, the water seepage follows 

a phreatic surface parallel to the slope as designed throughout the test, except for distinct ponding 
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at the toe.  As a result, the section of the slope that was used for the primary geoPIV analysis is 

outlined in the figure, centered in the portion of the slope with the water surface parallel to the 

soil surface.   The final frame, Figure 3.11d, shows the failure event, characterized by a large loss 

of material at the crest. 

 

The divergence of the water table surface from parallel to the soil surface at the toe is the result of 

a slight discrepancy in the total head boundary conditions at each end of the slope.  In order to 

achieve the 30° inclination in this test, the toe was rotated slightly beyond the target elevation 

based on the total head boundary condition.  As a result, the pressure head boundary condition at 

the toe is marginally larger than that at the crest, resulting in this ponding.  Additionally, although 

it is therefore expected that the energy line between these two boundary conditions will be linear, 

the presence of higher capacity drainage lines at the base maintain the seepage parallel to the 

slope.  Because the soil in initially dry, the base seepage creates unsaturated conditions in the soil, 

and the soil is subject to capillarity.  The visible water elevations in Figure 3.11 therefore include 

the capillary rise as a result of suction in addition to the set groundwater height.   

 

The shear and volumetric strains throughout the test can be calculated based on the horizontal and 

vertical movements (dx and dy) measured using geoPIV.  These can be displayed as displacement 

vectors for each pixel patch in the analysis.  By compiling the results of each camera FOV, the 

typical movement of the entire slope throughout the test can be evaluated in this way, as shown in 

Figure 3.12.  This figure clearly shows the expected infinite slope behaviour over the majority of 

the length of the slope, but as with the water levels, inconsistencies at the crest and toe.    One key 

feature of this analysis is the presence of a significant “dead zone” at the base of the slope, 

synonymous with the ponding seen in Figure 3.11.  This dead zone area, however, extends further 

up the slope than expected and nearly into the analysis zone, creating upward shearing at mid-
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slope.  This failure surface obtained is not consistent with that which would be expected based on 

the aspect ratio adopted.  As a result, the portion of the slope used in the analysis of the slope 

behaviour was the generally translational zone above mid-slope, as shown. 

 

The progression of the downslope horizontal displacement, dx, throughout the test is illustrated in 

Figure 3.13 at different water stages.  Initially, in Figure 3.13a, the rotated slope has been 

subjected to no groundwater rise and experienced minimal comparative total horizontal 

movement from rotation only.  Figure 3.13b shows greater horizontal movement as a result of the 

addition of groundwater to the height at Stage B (selected stages shown in Figure 3.11).  The 

water height shown in this diagram is the applied crest boundary condition at this water stage, 

above which is the unsaturated zone and measured capillary rise.  Interestingly, this image shows 

that the majority of the soil movement is occurring in the fully saturated zone, and very little 

additional movement in occurring above the water table in the unsaturated crust.  As a result, the 

shear and volumetric strains throughout this test are calculated using a depth average of the 

horizontal and vertical movements in the saturated zone only.  Since the goal of this calculation is 

not to produce a precise measurement of strain, rather to generate an average metric for shear 

distortion, this depth average formulation is sufficient.  Finally, Figure 3.13c shows the total 

horizontal movement at the end of Stage D, immediately preceding the final groundwater rise 

(Stage E) and resulting failure.  This image shows much more significant horizontal movement, 

with the shear zone still primarily below the water table and a generally linear relationship 

between dx and depth.  Again, the unsaturated zone demonstrates very little relative movement in 

comparison.  This lack of movement in the unsaturated crust zone is a direct consequence of the 

implementation of an upward saturation front compared to an infiltration front.  The rising water 

table induces negative pore water pressures in the unsaturated zone, and with no means to 

dissipate these, this zone is held in suction. 
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In addition to the known boundary conditions at the crest and toe of the slope, the pore water 

pressures throughout the length were measured using an array of PPTs.  The raising of the 

groundwater in prescribed stages (A through E) is shown alongside the measurements obtained 

by these PPTs in Figure 3.14a.   This plot shows these stages and the corresponding pore water 

pressures throughout the entirety of the test compared with the calculated shear and volumetric 

strains, based on the depth average of the horizontal and vertical movements in the saturated 

zone, in Figure 3.14b.  As shown, this 30° test experienced increased shear strains downslope 

with increased water level, and three distinct shear strain events.  These events are characterized 

by an increase in shear strain rate, and indicate instability in the slope.  These instability events, 

however, do not appear to trigger pore pressure response in the PPTs, as would expect in these 

undrained conditions.  This indicates that these large increases in strain rate, although dramatic, 

are happening slowly enough to allow the dissipation of these excess pore water pressures.  

Additionally, contrary to expected volumetric behaviour for a loose slope, the results displayed 

show positive volume strain with increased shear strain, indicating dilative behaviour.  Therefore, 

despite the attempt to simulate instability in this infinite slope model, this test mimics a dense 

response characterized by a dilation event.  Although this model was deposited at a void ratio of 

approximately 0.70, which is classified as loose according to the results of Chapter 2, this void 

ratio following the compression occurring during spin-up may not have been large enough to 

demonstrate clear strain-softening behaviour as desired. 

3.4.2 Instability behaviour in a shallow (20°) slope subject to increased groundwater level  

In order to provide a basis for comparison of the results obtained from the 30° test, a second test 

was performed at 20°.  This lower slope inclination test is characterized by a lower stress ratio at 

the end of rotation, therefore requiring a much larger increase in pore water pressure to bring the 

stress condition in to the zone of potential instability.  Once the infinite slope model was rotated 
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to this desired slope inclination under 30g, the groundwater level in the sample was raised in 

stages until failure.  GeoPIV was once again used to quantify the resulting soil movement through 

the calculation of the horizontal and vertical soil displacement over a portion of the slope similar 

to that analyzed for the 30° test as shown.  The cumulative horizontal movement with depth is 

displayed for three points during the test, corresponding to different water level stages, in Figure 

3.15.  Figure 3.15a displays the minor shear strain occurring as a result of rotation only, before 

the addition of groundwater.  Similarly, the second frame (Figure 3.15b) shows the total 

horizontal displacement at the end of the first water level stage, Stage A.  Although the water 

table has been raised to above half the depth of the sample, the soil has exhibited very little total 

shear strain.  Finally, Figure 3.15c shows the total horizontal movement occurring up until failure 

at the final water level stage (D).  At this point in the test the groundwater has been raised to 

nearly the entire depth of the sample, however very little displacement has occurred.  These 

images show that the total strain occurring in this 20° test is much smaller than that shown in the 

previous 30°, but also that this smaller horizontal movement remains generally linear with depth.  

As a result, the horizontal and vertical soil movement in this model slope were depth averaged 

over the saturated zone to produce shear and volumetric strains.    

 

Figure 3.16a shows the prescribed water pressure boundary condition throughout this test plotted 

with the PPT readings along the length of the slope.  These are also shown relative to the 

resulting shear and volumetric straining in the slope (Figure 3.16b).  Similar to the 30° test, the 

sample demonstrates increased shear strain downslope with rising groundwater level, but with an 

associated negative volume strain due to the resulting contraction.  The increased shear strain is 

characterized by the occurrence of multiple strain events, indicating a momentary increase in 

shear strain rate.  Although these increases in shear strain rate may be classified as minor 

instances of instability, these do not correspond to any response in the PPTs signifying a spike in 
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pore water pressure.  Overall, no distinct instance of instability behaviour was observed in this 

model slope. 

3.5 Discussion 

Based on the literature reviewed, there are two major criteria for classifying the occurrence of 

instability.  These are sudden spikes in both the strain rate and the pore water pressure.  Through 

the instrumentation incorporated into these tests, we are able to measure key parameters in order 

to determine whether these events have taken place.    

 

Upon spin-up to 30g, the second test was initially rotated to a slope angle of 20°, therefore having 

the lower initial shear stress conditions of the two.  Once the desired slope angle was reached, the 

groundwater table was raised, corresponding to shear and volumetric straining shown in Figure 

3.16.  It is seen that the sample experiences very little overall deformations with the rising pore 

water pressures.  Although there are apparent shear strain lurches, indicating potential instability, 

these are very small and happen before failure.  These are therefore not linked to any significant 

pore water pressure spikes or slope liquefaction.  This implies that the movement and straining 

seen during the test is simply yielding as a result of increased stresses.  This conclusion is further 

enforced by the progression of strain rate throughout the test, as shown in Figure 3.17 this test 

experiences no significant spike in shear strain rate and no clear indication of instability. 

 

To further understand the failure, the Factor of Safety (FOS) of the slope just before failure can 

be easily calculated using the infinite slope model.  Equation 2 is displayed below, in which z is 

the slope depth, β the slope angle, μ the pore water pressure, and φ’ the critical state friction 

angle. 

      
(         )     

          
 (2) 
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Using the pore water pressure at failure, the FOS for this test was calculated as 1.15.  This factor 

of safety implies that the slope should be stable.  This pore water pressure, however, is based on 

the total water level in the slope.  Because the groundwater is rising from the bottom of the 

sample, matric suctions are generated above the water surface, causing capillary rise in the soil, 

and potentially stabilizing the slope.   

 

Conversely, the 30° slope sample was rotated to a much higher angle, and the initial dry stress 

ratio was much closer to the inferred zone of potential instability before the addition of the 

groundwater.  Therefore although no instability was expected as a result of rotation only, as in the 

dry tests, it was anticipated that a much lower groundwater table would be required to create 

instability behaviour in the slope.  Unlike the 20° test, there are distinct large strain events 

occurring as a result of the increased pore water pressures.  These shear strain events are 

characterized by sudden increase in strain rate and may indicate instances of instability in the 

slope. The final shear strain event initiated the failure of the slope.  The progression of shear 

strain rate is displayed in Figure 3.17, indicating three individual jumps in strain rate.  The final 

jump is accompanied by slope failure, as well as a sudden increase in the pore water pressure 

response in the sensors furthest downslope, PPTs 4 and 5.  These two sensors registered a definite 

spike, indicative of instability, in the portion of the slope below the toe of the failure surface.  

This implies that failure may have been activated at the base of the failure surface.  It is 

interesting then that although these infinite slope conditions have been simulated in this physical 

model, a compression zone has developed at the toe, establishing a slope base region.   

 

Stability calculations were also performed for this test, and the resulting FOS is 0.84.  Although 

the slope did eventually fail, it did so beyond the expected critical state stress ratio.  As discussed, 

capillary rise was significant in both tests, and the resulting suctions may have played a key role 
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in the stabilization of this sample.  In future tests, therefore, it is clear that such suctions should be 

dissipated in order to gain a truer realization of instability behaviour in loose granular slopes. 

3.6 Conclusions 

Large flow-slide failures occurring as a result of static liquefaction are recognized as particularly 

dangerous landslide events as a result of their sudden and potentially far reaching impacts.  Static 

liquefaction is initiated by instability in the slope, which is characterized by a sudden increase in 

strain rate, causing a resulting spike in pore water pressure and significant loss of shear 

resistance.  Instability is defined as the slopes inability to carry the current stress, and is typically 

triggered by increased pore water pressures from a rainfall infiltration event.  Extensive triaxial 

testing, under both drained and undrained conditions, has been performed in attempts to further 

define the soil state at which this instability behaviour occurs.  Results of this research have 

yielded the definition of the zone of potential instability, confined by the instability line and the 

critical state line. 

 

It has been shown that instability phenomenon testing can be extended into plane strain 

conditions.  In order to investigate instability behaviour further under this framework, a tilting 

table soil box has developed by Wolinsky et al. (2013) to simulate instability in granular infinite 

slopes in plane strain stress conditions.  In this chapter, two tests were performed at different 

slope angles in attempts to induce instability behaviour in a loose soil slope as a result of 

increased pore water pressures from a rising groundwater table.  After being prepared level and 

spun up to 30g, each sample was rotated to the predetermined slope angle, associated with an 

increase in shear stress and corresponding decrease in normal effective stress.  The two model 

slope angles (20° and 30°) were selected to create two distinct initial stress conditions in the dry 

soil.  The 30° inclination is characterized by a stress ratio closer to the zone of potential 

instability than that of the 20° slope in stress space, therefore requiring a much lower increase in 
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pore pressure to induce instability behaviour in the infinite slope.  Upon full rotation of each soil 

model, the groundwater level was raised in increments until failure occurred. The pore water 

pressures along the length of the slope, as well as the resulting shear and volumetric soil 

movements were recorded throughout each test.  

 

Despite the attempts made to simulate instability in an infinite slope soil as a result of increase 

pore pressures, the 30° test, which was already proximal to the zone of potential instability at the 

introduction of the rising groundwater table, exhibited dilative behaviour.  Although some degree 

of instability was witnessed in this sample, associated with a sudden increase in strain rate, this 

did not create any significant response in the pore water pressure.  Therefore even though this 

model did result in slope failure, this test was unsuccessful in creating a trigger event causing 

instability characterized by contractive, strain-softening response.  Matric suctions played a large 

role in the strength of the slope by creating an unsaturated crust above the saturated zone, 

complicating this test procedure.   

 

As a result of the smaller imposed shear stresses, the 20° model was not brought to failure as a 

result of simulated instability behaviour in the slope.   Although deformation occurred, the shear 

and volumetric strain rates were not significant enough to induce the pore pressure spikes 

necessary for a static liquefaction event.  Although the rising groundwater level reduced the 

normal effective stress significantly, the stress conditions were again influenced by the presence 

of matric suction in the unsaturated layer confining the saturated layer. 

 

These suctions were present in both slopes as a result of there being no mechanisms in place to 

dissipate the negative pore water pressure as water rose through the sample.  This resulted in high 

levels of capillarity in the soil, and greater shear resistance.  In further testing, it is therefore 
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recommended that in addition to the groundwater seepage mechanism described, there also be 

simulated rainfall in this model slope in order to reduce the effects of capillarity.   

 

This infinite slope model has been developed to further investigate instability behaviour in 

granular slope under simplified infinite slope conditions.  These simplified plane strain stress 

conditions should allow for more control over the parameters and provide clearer results.  It is 

apparent, however, that there are still great complications with this method.  Therefore the tilt 

table methodology should be explored and improved further, and continue to be a valuable tool 

for studying both instability and liquefaction phenomena.   
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Table 3.1 - Important properties of Ottawa F-110 Silica Sand as determined by 

Santamarina & Cho (2001). 

Friction Angle (φcs) 31° 

emax 0.848 

emin 0.535 

D50 (mm) 0.12 

D10 (mm) 0.081 

Cu 1.62 

Cc 0.99 

Gs 2.65 

 

Table 3.2 - Description of the tests performed under wet conditions, indicating the slope 

angle and total applied pore pressure boundary condition. 

Test Soil Height (mm) Final Slope Angle (deg) Final Water Pressure (kPa) 

DB08 60 20 12.1 

DB03 60 30 8.5 
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Figure 3.1 - The location of the instability line and zone of potential instability as defined by 

Lade (1992) from untrained triaxial testing. 
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Figure 3.2 - Hypothetical description of three possible stress paths generated using the infinite slope test apparatus.  Case A illustrates a 

dry soil model which exhibits instability as a result of increased shear stress due to rotation only.  Conversely, Cases B and C illustrate 

two models rotated to two different slope inclinations and initial stress conditions, followed by an increase in groundwater level and 

corresponding decrease in normal effective stress.  Unlike in Case B, the wetting cycle in Case C is sufficient to bring the stress ratio into 

the zone of potential instability, initiating a strain-softening response characterized by shear-induced pore pressures.
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Figure 3.3 - Pictorial representation of the infinite slope tilt-table testing apparatus 

developed by Wolinsky et al. (2013) and utilized in the described test methodology, 

identifying key features. 
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Figure 3.4 - Rendering of the side view of the box, describing the location of the soil model 

with respect to the viewing pane and camera FOV. 
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Figure 3.5 - Grain size distribution curve for F110 Ottawa Grade Silica Sand as determined 

through lab tests. 
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Figure 3.6 - Water Retention Curve for F110 Ottawa Grade Silica Sand estimated using 

SEEP/W. 
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Figure 3.7 - Schematic of the infinite slope water table control system.  Crest and toe 

boundary conditions are applied in terms of total head. 
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Figure 3.8 - Description of the typical analysis performed using geoPIV to analyze soil 

movement.  The PIV analysis region is divided into subsets 64x64 pixels in size, and the 

resulting horizontal and vertical movements are tracked and converted to real 

measurements in mm through calibration to the control markers shown. 
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Figure 3.9 - Inferred stress paths for the two wet tests performed compared to that of a dry 

test performed at 60g.  The stress path of the dry 60g test is plotted to define the locations of 

the instability line and surface ravelling based on previous results. 
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Figure 3.10 - Normalized strain behaviour during rotation of each wet test compared to that 

of the 60g dry test.  This plot indicates that neither wet test reaches the stress ratio 

corresponding to the onset of instability due to rotation only. 
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Figure 3.11 - Pictorial history of the 30° wet tests, illustrating the infinite slope response to 

the rising groundwater level at specific stages. This illustrates a water surface parallel to the 

slope surface, as designed, except for the occurrence of ponding at the toe.  The geoPIV 

analysis region is identified. 
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Figure 3.12 - Typical geoPIV displacement vector results showing soil movement corresponding to increased groundwater level in the 

infinite slope soil models.  This illustrates infinite slope behaviour over a portion of the length, but with significant inconsistencies at the 

crest and toe, showing a large compression zone at the base of the slope.  The PIV analysis zone lies within the portion of the slope 

exhibiting infinite slope behaviour, as shown. The locations of the pore water pressure transducers are shown. 
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Figure 3.13 - Illustration of the progression of horizontal displacement in the 30° test at selected water level stages.  These images 

demonstrate that most of the relative soil movement occurs in the saturated soil zone, with little additional movement occurring in the 

unsaturated zone, and that shear strain progresses significantly as a result of the increased groundwater level.
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Figure 3.14 - a) PPT response in the 30° slope to the applied water stages. b) Corresponding 

depth-averaged shear and volumetric strains occurring as a result of the increased pore 

water pressure.  These illustrate the lack of pore pressure response to the strain events, and 

the corresponding dilative behaviour exhibited in this soil model.   
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Figure 3.15 - Illustration of the progression of horizontal displacement in the 20° test at selected water level stages.  These images again 

demonstrate that most of the relative soil movement occurs in the saturated soil zone, however this test is characterized by very little 

movement occurring as a result of increased pore water pressure from the rising groundwater level.  
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Figure 3.16 - a) PPT response in the 20° slope to the applied water stages. b) Corresponding 

depth-averaged shear and volumetric strains occurring as a result of the increased pore 

water pressure.  These illustrate the lack of pore water response to the relatively small shear 

and volumetric strain. 
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Figure 3.17 – Resulting shear strain rates plotted throughout the entirety of the test.  

Although the occurrence of instability in the 30° test is indicated by the sudden increases in 

in strain rates, these were significant enough to generate a pore pressure response and 

resulting failure in the slope.   
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Chapter 4 

Conclusions 

A tilt-table soil box has been developed for use in a geotechnical centrifuge to investigate the 

instability behaviour of granular soils under plane strain conditions.  This soil model apparatus 

was designed to approximate an infinite slope to allow the simple calculation of the imposed 

stress conditions, as well as minimize end effects.   

 

A total of twelve infinite slope model tests were performed over a range of void ratios, under both 

model-scale stress conditions (1g) and prototype-scale stress conditions (60g), to investigate the 

effects of void ratio and effective stress on instability behaviour.  The results of this study yielded 

the following conclusions: 

- As designed, the tilt-table apparatus successfully simulates infinite slope behaviour in the 

soil model, with expected inconsistencies at both the crest and the toe.    

- Instability behaviour is exhibited in the infinite slope models, and characterized by a 

sudden increase in shear and volumetric strain rate.  These are described as strain lurches 

and a soil model may experience multiple occurrences of these events during rotation.  

- Instability is triggered only in loose soil models and these lurches are accompanied by 

contractive behaviour.  Conversely, dense soil models show no instability and a distinct 

dilative response to increased shear stress.   

- The resulting instability line angles defined for each test demonstrate an increase in 

instability line angle with decreasing void ratio, at both the 1g and 60g.  Additionally, 

comparison of the instability line angles obtained under both effective stress levels show 

not only an increase in this angle with increasing effective stress, but a significant 

corresponding increase in surface ravelling angle.  These results clearly establish that 
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instability behaviour in granular slopes is a function of both void ratio and effective 

stress.  

- The observed qualitative behaviour throughout each test, defined by compression in loose 

models and dilation in dense models, is shown to conform to stress-dilatancy theory.  

Furthermore, evaluation of the incremental strain ratio in terms of the stress ratio at 

points during each test confirmed the applicability of the stress-dilatancy framework 

developed for simple shear to this infinite slope model.  

 

The tilt-table testing apparatus was then used to investigate the added effects of groundwater 

seepage on instability behaviour in granular slopes.  Two tests were performed at 30g, each set at 

a different slope angle (30° and 20°), in which groundwater seepage was introduced to the infinite 

slope soil model in the form of a rising groundwater table.  The conclusions arising from this 

testing are as follows:  

- Despite a testing program designed to initiate instability in the steep slope (30°) by 

increasing the groundwater seepage level, this soil model exhibited generally dilative 

behaviour.  Although strain events occurred with increased water level, the distinct 

positive volumetric shear prevented a corresponding pore pressure response causing 

failure. 

- The shallow (20°) slope model experienced significantly less shear and volumetric 

response due to the increased pore water pressures, as expected due to the lower slope 

angle. 

- Matric suctions which developed as a result of the rising groundwater front were 

determined to have had a significant influence on the stability of both slopes.   
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- A mechanism for dissipating the negative pore water pressures generated in the 

unsaturated crust above the groundwater rising front is necessary to create the soil 

conditions necessary to induce instability behaviour under this framework. 

 

This infinite slope tilt-table apparatus has therefore been shown to successfully simulate 

instability in a granular slope by allowing the occurrence of strain lurches under stress-controlled 

conditions.  This tilt-table apparatus provides the ability to perform these tests both with and 

without the added influence of pore water.  Based on these obtained results, it is therefore 

recommended that this tilt-table apparatus and methodology be further developed to successfully 

simulate both instability and liquefaction.    

 

 


