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Abstract 

Element test results reported in the literature under both triaxial and plane strain conditions 

indicate that loose saturated granular specimens can experience softening instability at stress 

ratios lower than what might otherwise be expected given the critical state friction angle of the 

soil. The region of potential softening instability in stress-space is often explained using the 

framework of the instability line. This phenomenon is particularly relevant to shallow slopes of 1 

to 2 m depth. However, the practical realities of sample preparation for triaxial testing make 

performing tests below 20 to 30 kPa of confining stress exceptionally difficult.  

In this thesis, the development of a centrifuge tilt-table test device is described which aims to test 

the behaviour of loose granular slopes under stress paths of increasing slope inclination or 

increasing pore water pressure. A system of instrumentation including pore pressure transducers, 

inclinometers, displacement transducers, and high-resolution cameras was designed to monitor 

the behaviour of the slope model. The development of a system to provide a controlled 

groundwater level within the slope model proved to be particularly challenging. The results of 

two competing design concepts are presented for the water boundary condition and discussed. 

The centrifuge tilt-table is used to compare the physical response of a slope to the behaviour 

predicted by the infinite slope and softening instability models using scale model centrifuge 

testing.  If softening instability is a rigorous concept, it should be the primary observed failure 

mechanism as it will occur at a stress state below the failure line.  Tests were performed on loose 

Ottawa F110 sand at 1g, 20g and 40g and 60g.  Deviatoric strain-softening was observed in loose 

dry sand.  The softening instability event resulted in a rapid increase in shear strain at constant 

shear stress while the soil was at a stress state below the failure envelope.  Any soil that can 

experience softening instability (i.e. granular, loose, saturated, and behaves undrained) will 
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undergo two failures: one caused by deviatoric strain-softening (softening instability) and a 

second caused by shear failure at a larger slope angle.   
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Chapter 1 

Introduction 

1.1 Background Statement 

Landslides are a significant hazard to both human life and infrastructure.  In Canada alone, 

between 1900 and 2009, landslides have resulted in $17 billion in damages and the loss of 305 

lives (Guthrie, 2013).  To best protect against human suffering, an accurate understanding of soil 

behaviour during and preceding a landslide is critical.  Failure models are used to predict the 

stress conditions under which landslides will trigger.  Accurate models of failure conditions are 

paramount to the construction and stabilization of slopes.  In this introductory chapter, soil failure 

models are introduced and the geotechnical centrifuge is discussed as a method for testing soil 

properties.   

1.2 Slope Failure Models 

1.2.1 Shear Failure Envelope 

Soil slopes have a well-defined failure criterion: when the stress conditions present in a slope 

place it above a failure envelope, a landslide occurs.  One such failure envelope is defined by the 

shear strength of the soil: the friction angle (φ’) and cohesion (c’) correspond to the slope and y-

intercept of the shear failure envelope, respectively, on the plot of effective normal stress (σ’) 

against shear stress (τ) (Figure 1.1).  The shear strength failure envelope is thus defined in 

Equation 1.1.   

𝝉 = 𝝈′𝐭𝐚𝐧(𝝋′) + 𝒄′ (1.1) 

This failure envelope divides stress states at which the slope is predicted to be stable by the soil 

shear strength from those at which it is not.  Though it has since been refined by more complex 

models such as critical state soil mechanics (Schofield and Wroth, 1968), the shear failure 
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envelope continues to serve as the first introduction to the field of slope stability for most 

students.   

This thesis refers to the shear strength failure envelope defined by Equation 1.1 as simply the 

failure envelope.  According to the model of soil strength given in Equation 1.1, a combination of 

shear and effective normal stresses which result in a stress state below the failure envelope would 

result in a stable soil.  Once the stress state crosses the failure envelope, large deformations 

resulting in slope failure occur.   

1.2.2 Infinite Slope Model  

The infinite slope model is a theoretical model for soil behaviour leading up to landslide 

triggering.  The stress state of an infinitely long slope with uniform soil depth, and consistent soil 

properties can be completely defined by a set of analytical equations: 

𝛔′ = (𝛒𝐠𝐳) 𝐜𝐨𝐬𝟐(𝛃) − 𝐮  (1.2) 

𝛕 = (𝛒𝐠𝐳)𝐬𝐢𝐧(𝛃)𝐜𝐨𝐬(𝛃)  (1.3) 

 

where σ’ is the effective normal stress, ρ is the soil dry density, g is the force of gravity, z is the 

depth of soil, β is the slope angle, u is the pore pressure, and τ is the shear stress.  The infinite 

slope model is only valid where the slope can be divided into a series of vertical slices each with 

the same soil properties, forces, and displacements.   

For a completely dry (i.e. u = 0 kPa) non-cohesive soil (c’=0 kPa), failure of the infinite slope 

will occur when the slope angle equals the friction angle (β=φ’).   

1.2.3 Instability Line  

Slope failure may occur at stress conditions beneath the failure envelope under certain conditions.  

Observations by Lade (1992), Chu et al. (2003), Ng (2007), Ghiassian and Ghareh (2008),  Chu et 

al. (2012) and  Baki et al. (2012) have shown that a loose, saturated, granular soil slopes may fail 
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at stress conditions which would be considered stable under the failure envelope model.  Lade 

(1992) defines a new criterion separating stable from unstable stress conditions which he terms 

the instability line.   

Soil undergoing a softening instability failure behaves temporarily undrained: shear strains 

accumulate, but volumetric strains remain constant.  Large shear strains which are not 

proportionate to applied stresses rapidly accumulate similar to soil liquefaction events.  To 

contrast with typical earthquake (dynamically) induced liquefaction, soil instability is often 

termed static liquefaction.   

This thesis refers to the instability type events observed by Lade (1992) and others as deviatoric 

strain softening or softening instability, an event which causes a progressive reduction in a soil’s 

shear strength due to excess pore water pressures generated by the undrained shearing of the 

contractive soil.  Where the term instability line is used, it refers to a line which separates stress 

states at which the soil may experience softening instability from those where it cannot.   

1.3 Centrifuge Testing 

Centrifuge testing has been established in the field of geotechnical engineering as a method to test 

soils in repeatable laboratory conditions.  Schofield (1980) details the use and operation of a 

geotechnical centrifuge.  Soil models are placed in a swinging basket at the end of the centrifuge 

arm.  The basket is spun rapidly about the central axis of the centrifuge to apply a centrifugal 

force to the model which is a multiple of the force of gravity.  For example, a model built at 1/100 

scale to the field prototype will be spun to a centrifugal force of 100 times gravity (100g).  

Currently established centrifuge scale factors for transient and steady-state soil properties and 

behaviour are given by Garnier et al. (2007).   
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Centrifuge Model testing for this thesis used the Acutronic 680-2 centrifuge at the C-CORE 

facility in St. John’s Newfoundland.  A summary of centrifuge tests performed may be found in 

Table 1.1.   

1.4 Objectives 

A fundamental contradiction exists between the stress states at the failure envelope and the 

instability line.  For slopes that are loose, saturated and granular, failure should occur at the 

instability line, not at the failure envelope as proposed by the infinite slope model.  The aim of 

this work is to establish a repeatable centrifuge scale test which can be used to investigate the 

apparent discrepancy between these two failure models.  The specific objectives of this research 

are to: 

 Create of a centrifuge scale infinite slope simulator which contains a region satisfying the 

validity conditions of the infinite slope model (i.e. vertical slices with identical stress and 

strain conditions); 

 Evaluate a set of water control mechanisms which would allow fine regulation of the 

phreatic surface in the infinite slope model; 

 Compare the consequences of softening instability of a dry soil to a wet saturated soil; 

and  

 Compare the stress state at which softening instability occurs to the failure envelope and 

infinite slope model.   

1.5 Organization of Thesis 

This thesis is presented in manuscript format as outlined by the School of Graduate Studies at 

Queens’s University.  Chapter 1 provided a general introduction to the concepts of soil shear 

strength, softening instability and centrifuge testing followed by the objectives of this thesis.   
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Chapter 2 examines the design and testing of a centrifuge tilt-table to directly compare the failure 

envelope and instability line model for slope failure.   

Chapter 3 presents a direct comparison of observed slope deformations in the centrifuge tilt-table 

with stress states predicted by the infinite slope model.  Shear and volumetric deformations are 

compared to those predicted by previous studies of soil softening instability phenomena.  

Behaviour of dry soil undergoing a softening instability type failure is contrasted with the 

expected behaviour of a wet soil under the same stress state.   

Chapter 4 presents a summary and general discussion of the findings from the work undertaken 

and the conclusions that can be drawn from the research.  



 

 

 

6 

1.6 References 

Baki, M.A.L, Rahman, M.M., Lo, S.R., and Gnanendran, C.T. (2012). Linkage between static and 

cyclic liquefaction of loose sand with a range of fines contents. Canadian Geotechnical Journal, 

vol. 49, pp.891–906. doi:10.1139/T2012-045. 

Chu, J., Leong, W.K., Loke, W.L., and Wanatowski, D. (2012). Instability of loose sand under 

drained conditions. Journal of Geotechnical and Geoenvironmental Engineering vol. 138, no. 2, 

pp. 207-216. 

Chu, J., Leroueil, S., Leong, W.K. (2003). Unstable behaviour of sand and its implication for 

slope instability. Canadian Geotechnical Journal. vol. 40, pp. 873-885. 

Garnier, J. et al. (2007). Catalogue of scaling laws and similitude questions in geotechnical 

centrifuge modelling. International Journal of Physical Modelling in Geotechnics, vol.3, pp. 01-

23. 

Ghiassian, H. and Ghareh, S. (2008). Stability of sandy slopes under seepage conditions. 

Landslides, vol. 5, pp.397-406 

Guthrie, R. (2013). Socio-economic Significance – Canadian Technical Guidelines and Best 

Practices related to Landslides: a national initiative for loss reduction. Geological Survey of 

Canada, Open File 7311, 19 p. doi:10.4095/292241  

Lade, P.V. (1992). Static instability and liquefaction of loose fine sandy slopes. Journal of 

Geotechnical Engineering, vol. 118, no.1, pp .51-71. 

Ng, C.W.W. (2007). Liquefied flow and non-liquefied slide of loose fill slopes. Keynote paper. 

Proceedings of 13th Asian Regional Conference on Soil Mechanics and Geotechnical 

Engineering, Kolkata, India, pp.120-134.  

Schofield, A. N. (1980). Cambridge geotechnical centrifuge operations. Géotechnique, vol. 3, 

pp. 227-268.  



 

 

 

7 

Schofield, A., Wroth, C. P. (1968). Critical state soil mechanics. McGraw-Hill, London. 

 

 

  



 

 

 

8 

Table 1.1: List of experimental work performed during the course of the research 

Month Notes 
Number of 

Tests 

Thesis 

Chapter 

March 

2011 

Development and testing of sand filled pipe water control 

boundary condition concept 
6 2 

July 

2011 

Development of tilt table equipment., Experimental 

validation of crest and toe groundwater flow control 

systems 

4 2 

August 

2011 

Tests performed to investigate softening instability in dry 

sand at various g level. 
6 3 

March 

2012 
Development of model rain and tensiometer subsystems 3 - 
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Figure 1.1: The failure envelope in σ’-τ stress space is defined by c' and φ’ 
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Chapter 2  

Development of a centrifuge tilt-table device to investigate softening 

instability phenomena under simulated infinite slope conditions 

2.1 Introduction 

Geotechnical soil element tests results reported in the literature under both triaxial and plane 

strain testing conditions indicate that loose saturated granular specimens can experience 

instability at stress ratios lower than what might otherwise be expected given the critical state 

friction angle of the soil. The region of potential instability in stress-space is often explained 

using the framework of the instability line (e.g. Lade, 1992; Chu et al., 2003; Ng, 2007; Ghiassian 

and Ghareh, 2008; Chu et al., 2012; Baki et al., 2012). This instability phenomenon is particularly 

relevant to shallow slopes of 1 to 2 m depth (confining stresses less than approximately 40 kPa). 

However, the practical realities of sample preparation for triaxial testing make performing tests 

below 30 kPa of confining stress exceptionally difficult. Observations of instability phenomena in 

a physical model of a shallow layer of soil overlying the soil-bedrock contact would therefore 

provide unique experimental data to help understand the application of softening instability 

framework to slope failures.   

The infinite slope model serves for many as an initial introduction to slope stability. The model is 

applicable to an idealized slope featuring parallel bedrock, free surface, and phreatic surface.  

Analysis is done on a vertical slice of the soil as illustrated in Figure 2.1. The gravitational force 

(W) on each slice is decomposed into two components: parallel (T) and perpendicular (N) to the 

bedrock.  The parallel portion serves as the downslope driving force. In order for the infinite 

slope model to be valid, phreatic surface, free surface, and bedrock must all be parallel. For a unit 



 

 

 

11 

length along a potential failure surface, Equations 2.1 and 2.2 are used to calculate the imposed 

static stress state in the infinite slope model.   

𝛔′ = (𝛒𝐠𝐳) 𝐜𝐨𝐬𝟐(𝛃) − 𝐮  (2.1) 

𝛕 = (𝛒𝐠𝐳)𝐬𝐢𝐧(𝛃)𝐜𝐨𝐬(𝛃)  (2.2) 

 

where σ’ is the effective normal stress, ρ is the dry density, g is the force of gravity, z is the depth 

of soil, β is the slope angle, u is the pore pressure, and τ is the shear stress.   

As the simplest model of soil behaviour, the infinite slope model serves as an accurate but 

straight forward representation of field scale tests and observed landslides.  A precisely 

controllable stress path which is directly physically analogous to field behaviour enables study of 

that behaviour under repeatable conditions.  

To investigate further the failure mechanisms of loose granular sand slopes, a centrifuge tilting 

table was developed to control the stress state of a simulated infinite slope. In designing the stress 

control mechanism of the centrifuge tilt-table, equations 2.1 and 2.2 give five variables which can 

be controlled: ρ, g, z, β, and u.  Of these, ρ is a material property and z describes the initial 

geometry of the slope, both of which should be held constant when investigating fundamental soil 

behavior. This leaves g, u and β as potential stress path control mechanisms. By adjusting u and β 

at a selected centrifugal acceleration, g, it is possible to create a variety of stress paths to 

investigate the failure mechanisms in loose sand slopes. The tilt-table was designed for use in the 

Acutronic 680-2 centrifuge at the C-CORE facility in St. John’s Newfoundland.  Slope angle is 

controlled using the mechanism illustrated in Figure 2.2. The tilting box’s self-weight centroid is 

eccentric from the pivot point of the base.  During sample preparation and spin-up the box is 

horizontal (Figure 2.2). To apply the selected slope angle, the linear actuator was lowered 

allowing the box to tilt under its own weight. Of the variables controlling failure, u and β, the 

slope angle is by far the simplest to control. The control of the pore water pressure on the 
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potential failure plane, u, however is much more complex. In this paper, two methods of 

groundwater control were investigated for their ability to control rapidly, accurately, and 

precisely the stress path of a simulated centrifuge model of an infinite slope under increasing 

pore-water pressure. 

2.2 Materials and Methods 

The stress paths possible in a centrifuge tilt-table test of a simulated infinite soil layer (Figure 2.2) 

are shown in Figure 2.3. If the tilt-table is initially horizontal, the stresses on the potential failure 

surface are near the origin (i.e. small self-weight at 1g) with zero shear stress. Upon the 

application of enhanced gravity through centrifuge testing, the normal stress acting on the 

potential failure plane is elevated commensurate with the enhanced self-weight of the sand layer. 

Once at the desired centrifugal acceleration, adjustments to the slope angle β will result in an 

increase in static shear stress on the potential failure plane with a corresponding slight reduction 

in normal stress. If the inclined box of dry sand is rotated to an angle less than the angle of 

internal friction of the soil, failure may still be reached through the application of a groundwater 

table. In this scenario, the pore water pressure active on the potential failure plane (u) increases 

and causes a corresponding decrease the effective normal stress σ’ and available shear strength on 

the potential failure plane. If this reduced shear resistance is less than the imposed static shear 

stress, failure ensues.   

The chosen geometry of the centrifuge tilt-table is shown in Figure 2.2. The tilt-table consists of a 

680 mm long, and 150 mm wide soil box with a central fulcrum. The length scale of the soil box 

was designed to have the length of the soil layer at least ten times the height of the layer (60 mm). 

At the base of the soil layer, waterproof sand paper was glued to the metal floor to ensure a high 

interface friction angle. In contrast to the friction enhancing base of the soil box, the sidewalls 

were lined with sheets of glass to minimize the friction between the sidewalls and soil. The 

sidewalls were further reinforced with 75 mm thick acrylic to stiffen the transparent sidewalls of 
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the box for high g testing while still maintaining the transparency required to capture the soil 

profile and movement with cameras.  Images were processed after the completion of the test 

using Particle Image Velocimetry (PIV) software geoPIV (White and Take, 2002; White et al., 

2003) to optically measure the soil deformation for the duration of the test.  

The final implementation of the tilting table apparatus design is shown in Figure 2.2. A stepper 

motor attached to the toe of the slope imposes an upwards force (reacted by the block on the 

opposite end of the tilting table) to keep the soil layer in a horizontal position during gravity turn-

on. Once at the desired g-level, the stepper motor reduces upward force on the cable at the slope’s 

toe.  As the centre of mass is slightly offset towards the toe, the ensuing moment causes the box 

to rotate at a controlled rate of descent defined by the stepper motor.  

The first method investigated to control the ground water table is a simple system to control the 

total head boundary condition at the top (crest) and bottom (toe) of the soil layer. This was 

achieved in the physical model by installing two reservoirs of water that were connected to the 

crest and toe of the slope, respectively (Figure 2.4). The elevation of the water surface in each 

reservoir is controlled by a vented overflow pipe which can be raised or lowered in-flight. For 

example, if the overflow pipe is incrementally raised, the total head boundary condition at the 

ends of the soil layer is incrementally increased. Conversely, lowering the overflow pipe reduces 

the total head boundary conditions, allowing excess water to flow out to the water storage tank. A 

pump supplies the crest reservoir with water well in excess of the flow entering the slope crest.  

The extra water leaves the reservoir via the overflow pipe, returning to the water storage tank. 

The toe reservoir operates by an identical mechanism but is instead fed by water leaving the 

slope. After a steady-state flow regime has been established at a given set of upstream and 

downstream total head values, a phreatic surface parallel to the box bottom will come into 

equilibrium with the applied boundary conditions.   
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Although the adjustment of the height of the overflow pipe controls the constant head boundary 

in the reservoirs, the response of the soil is not immediate.  Adjusting the boundary conditions 

creates a temporarily transient state where the change in total head propagates downslope from 

crest to toe (Figure 2.5a).  At time t=t1, after an upward adjustment of both overflow pipes, the 

change in water level has begun to travel down the slope; however, most of the soil is still under 

the old flow regime.  At t=t2, response to the new boundary condition had propagated further 

downstream, but the overall slope response is still representative of transient behaviour.  Thus the 

crest and toe flow control system is useful only for test soils with a large hydraulic conductivity 

(k) or where long duration tests are possible.  The long flow path between crest and toe control 

points means that any change must have sufficient time to propagate through the entire slope 

before the next increment is applied.  Whereas this might be acceptable to testing of granular 

soils, this long equilibrium time may pose significant challenges for fine grained materials. 

An alternative water control system was designed to reduce the time for transient flow to be 

achieved in the simulated infinite slope model. Instead of total head boundary conditions being 

applied at just the ends of the soil layer, total head boundary conditions are applied every 50 mm 

along the slope (Figure 2.5b and Figure 2.6). This was achieved by controlling the total head at 

each position through standpipes from a separate sand-filled pipe. A 600 mm long, 75 mm 

diameter PVC pipe was filled with sand wrapped in a geotextile tube constructed from a 75 mm 

to linearly control the head loss between the upper and lower reservoirs. Eleven evenly spaced 

ports were connected via a standpipe to the base of the simulated infinite slope, with each 

standpipe providing a total head boundary condition.  The hydraulic conductivity of the sand-

filled pipe must be sufficiently large that the flow rate of water to the simulated infinite slope soil 

layer is insignificant with respect to the total flow in the pipe. In the present study, this criterion 

was satisfied by selecting a grain size curve one order of magnitude larger than the test soil 

Ottawa F110 for the sand-filled pipe (Figure 2.7).   
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2.3 Water Table Control Evaluation 

2.3.1 Crest and Toe Flow Control System 

To examine the performance of the crest and toe flow control system a test was performed in a 

geotechnical centrifuge. The centrifuge test was initiated and the tilt-box rotated to the selected 

slope angle. Head-leveler overflow pipes were raised until water was observed in the soil tilt-box. 

Photographs displaying a typical water table induced using the crest and toe flow control system 

are shown in Figure 2.8.  Figure 2.8a shows the upper slope area of the tilt-box prior to water 

flow initiation. Once the water level in the crest reservoir was higher than the crest of soil, water 

began to flow into the crest. Figure 2.8b and Figure 2.8c are subtraction images taken at a time 

approximately 30 seconds after the flow was started (t1) and once equilibrium had been attained 

for that total head increment (time t2 = 120 s). Each image is digitally subtracted from the initial 

‘dry’ image to highlight the wetted area of the profile.  After 120 s, the flow has achieved steady 

state with a fully developed flow regime (Figure 2.8c). Also notable in Figure 2.8c is the upper 

surface of the flow regime is parallel with the bedrock, satisfying a key condition for the validity 

of the infinite slope model.  Once this flow regime is established, changes to the phreatic surface 

may be directly controlled through adjustment of the overflow pipes.  

Immediately following adjustments of the phreatic surface using the overflow pipe, a transient 

period between the two steady state flow regimes occurs.  The duration of transient period is 

directly related to soil permeability as the change in energy grade line (EGL) propagates from 

crest to toe (Figure 2.5a).  Therefore crest and toe flow control is less ideal for low permeability 

soils as the duration of the transient period may cause some test programs to be impractically 

long. The relative simplicity of this water control system is easy to manufacture and operate while 

still maintaining the phreatic surface parallel to the bedrock.  
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2.3.2 Sand-Filled Pipe Control System 

The performance of the sand-filled pipe system was examined in two parts. First, a simplified 

trial of the sand-filled pipe water control system was performed by including only the 

components of the water system (i.e. removing the soil box and tilt mechanism shown in Figure 

2.6). Clear standpipes and coloured dye were used to allow direct observation of the water levels.  

The system was placed in a geotechnical centrifuge at 60g with water only in the tank.  At 60g, 

the pump was started, filling the upper reservoir, lower reservoir, and saturating the sand-filled 

pipe.  As the water level in each reservoir approached the height of their respective overflow 

pipes, water was observed in the standpipes.  A photograph taken of the clear stand pipes during 

the test flight is shown in Figure 2.9.  The water level observed in each standpipe represents the 

total head at that location in the sand-filled pipe (assuming negligible velocity head). Note the 

linear EGL highlighted in Figure 2.9, demonstrating how the resistance of the sand-filled pipe 

combined with the boundary conditions imposed by the two reservoirs creates the desired 

constant slope EGL. The water level in the crest and toe overflow reservoirs was adjusted and the 

resulting EGLs are plotted in Figure 2.10. The linearity of the EGLs in Figure 2.10 provide 

evidence that the sand-filled pipe system is able to maintain the intended shape of EGL and apply 

it as a hydraulic boundary condition in isolation with the potential added benefit of a shorter 

maximum flow path (Figure 2.5b).  

Following confirmation of the sand-filled pipe system functioning under ideal conditions, a 

second proof of concept test was performed.  With the soil box and tilt mechanism in place 

(Figure 6), the system was spun to 60g, the tilt box rotated to 25o, and the water pump initiated. 

Water levels similar to those measured in the simplified sand-filled pipe test were observed, 

indicating that there should be flow into the soil box.  However, visual observations of the soil by 

digital images and pore pressure transducer response both revealed the soil to be dry. It was 

theorized that the presence of air trapped in the standpipes prevented flow into the soil material. 
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Prior to initiating the flow system the air in the standpipes can only escape through the soil.  

However, if the soil contains enough pore water, the air will not be able to enter the pore space 

until it exceeds the air entry value (AEV) of the soil. The overflow pipes were raised to increase 

the EGL and by extension, air pressure (ua) in the standpipes in an attempt to exceed the AEV of 

the test soil.  However, due to the relatively low confining pressure exerted by the thin soil layer 

on the bedrock, the pressure from the standpipes caused a heave in the soil before reaching the 

AEV. 

Although the sand-filled pipe idea for applying a linearly decreasing total head boundary 

condition at multiple locations worked in the first proof test, additional work would be required to 

enable it to be used in physical model testing of landslides.  For example, a series of vents could 

be used to ensure that there is a release for trapped air.  Careful detailing of designed connections 

between the tilt-box and standpipes would be required to ensure removal of all air.   

2.4 Conclusions 

Loose saturated granular materials can experience instability at stress ratios lower than what 

might otherwise be expected given the critical state friction angle of the soil. The instability line 

framework is used to explain the region of potential softening instability. Although particularly 

relevant to shallow slopes of 1 to 2 m depth, the practical realities of sample preparation for 

triaxial testing make performing tests at low confining stress exceptionally difficult. 

Investigations of softening instability phenomenon in a physical model of a shallow layer of soil 

overlying the soil-bedrock contact would therefore provide unique experimental data to help 

understand the application of softening instability framework to slope failures.   

In this chapter, the development of a centrifuge tilt-table test device is described which aims to 

test the behaviour of loose granular slopes under stress paths of increasing slope inclination or 
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increasing pore water pressure. In particular the results of two competing design concepts for the 

water boundary condition presented and discussed. 

The crest and toe flow control system maintained the desired flow regime, which is parallel to the 

bedrock surface in order to satisfy the assumptions of the infinite slope. For the sand tested in this 

study the crest and toe flow control system is adequate however, the long flow distance may lead 

to impractical testing times in lower permeability materials.  

The sand-filled pipe control system worked well in-isolation, however, it was unable to maintain 

the desired water level within a soil profile, due to trapped air in the standpipes.  The system was 

designed with a short flow path between water control boundary points in order to minimize the 

transient period until the flow regime stabilizes. Ideal for low permeability soils, these same soils 

have high AEV, trapping air in the stand pipes below the model and preventing water flow into 

the soil.  The low stresses at the base of the thin test soil layer were less than the AEV, and thus 

the air could not be forced into the pore space without blowing out the soil.  It may be possible to 

overcome this problem by providing a venting system for each standpipe. 
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Figure 2.1: Infinite slope model highlighting typical soil element 
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Figure 2.2: a) Schematic of infinite slope model illustrating tilting box mechanism; b) image 

showing the centrifuge tilt-table 
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Figure 2.3: Stress path followed during infinite slope experiment including gravity turn-on, 

soil box rotation and rising groundwater 
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Figure 2.4: Plumbing of crest and toe boundary conditions for control of water table within 

infinite slope model.  The pivot shown in Figure 2.2 connects beneath the model bedrock 
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Figure 2.5: Flow paths applied by the two water table control types illustrating the 

maximum distance to boundary conditions for the: a) crest and toe and b) sand-filled pipe 
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Figure 2.6: Plumbing for sand-filled pipe for control of water table within infinite slope 

model 
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Figure 2.7: Grain size analysis for sand-filled pipe material and Ottawa F110 silica sand 
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Figure 2.8: Photographs displaying constant flow height along infinite slope with a 60 mm 

sand layer. a) typical photograph from infinite slope test; b) inverted image subtraction 

highlighting darker region which is the soil wetted by the rising water table after 30 

seconds; c) inverted subtraction image taken at equilibrium showing fully developed flow 

height after two minutes 
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Figure 2.9: Close-up photograph of standpipes above sand-filled pipe displaying the 

linearity of the EGL for the sand-filled pipe only test 
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Figure 2.10: Plot of height of water column versus distance along sand-filled pipe displaying 

the linearity of the EGL along the length of the pipe 
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Chapter 3 

Softening instability of dry granular slopes observed in centrifuge tilting 

table tests 

3.1 Introduction 

The infinite slope model is a common first introduction to concepts of slope stability in 

Geotechnical Engineering.  By this model, an infinitely long slope is divided into a series of 

identical vertical slices all with the same forces and displacements.   Under the simplest of 

conditions, the model predicts that a dry soil with no cohesion will fail when the slope angle, β, 

equals the angle of repose of the sand, φ. 

In contrast, studies by Chu et al. (2003), Andrade (2009), and Baki et al. (2012) have 

demonstrated that slope softening instability can occur at stress ratios less than predicted solely 

from the internal friction of the soil (i.e. β<φ).  This instability has been characterized as a sudden 

large strain event in loose undrained material.  There is therefore an apparent contradiction 

between the failure angle predicted by the infinite slope model and that of softening instability; 

the point of landslide triggering cannot be both at an angle equal to φ and less than φ.   

In this chapter the apparent inconsistency between these two frameworks is investigated in more 

detail using scale model centrifuge testing.  A curiosity driven search was conducted to compare 

the physical response of a slope to the behaviour predicted by the infinite slope and softening 

instability models.  The authors hypothesize if softening instability is a rigorous concept, it should 

be the primary observed failure mechanism as it will occur at a stress state below the failure 

envelope.   
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3.2 Background 

3.2.1 Softening Instability 

Softening instability of soil is a non-associated flow that occurs at stresses underneath the failure 

envelope (φ) (Lade, 1992) resulting from deviatoric strain-softening in loose, saturated granular 

soils.  In previous studies, Lade (1993) and Chu et al. (2003) have found soil softening instability 

to be the underlying cause of static liquefaction, a loss of shear resistance initiated by monotonic 

loading.  These same researchers contend that the contractile behaviour of the loose soil causes 

excess pore water pressure to develop, reducing shear strength and resulting in large, rapid 

strains.   

In order to define the region where softening instability can occur, an instability line and 

instability region were developed by Lade in 1992.  According to Lade (1992), the instability line 

passes through the peak of the effective stress paths, separating the regime of increasing and 

decreasing shear stresses (see Figure 3.1a).  Thus, the instability region is the area between the 

failure envelope and instability line, defining an area where unstable behaviour may occur at 

stress states below the failure envelope.  Once the stress path enters the instability region, further 

reduction in effective normal stress results in a reduction of shear strength.   A rapid change in 

both stresses occurs as the stress path approaches the origin.  Depending on the soil 

characteristics and initial conditions, the softening instability may be temporary (i.e. followed 

later by strain hardening), or may lead to liquefaction if effective stress approaches zero.  The 

instability line and susceptibility to liquefaction is sensitive to initial void ratio, e, of the soil as 

shown in Figure 3.1b.  Though beginning at the same stress state two different instability lines 

result; the denser material undergoes only a temporary instability, while the looser material 

rapidly liquefies (Lade and Yamamuro, 2011).  However, in both cases the instability will result 

in a sudden large shear strain as the soil crosses the instability line.  This “strain lurch” at a stress 

state below the failure envelope is the indication that soil softening instability has occurred.   
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Further, only granular soils that are loose, saturated, and behave undrained have been found to 

experience softening instability (Yamamuro and Lade, 1997).  It is expected that a strain lurch 

will be observed below the failure envelope if and only if a soil meets all these criteria.  The loose 

soil will exhibit compressive behaviour upon shearing, reducing the pore space and increasing the 

pore pressure.  If the material is also undrained and saturated, the increase in pore pressure will 

not immediately dissipate, causing a reduction in the effective normal stress.  The reduction in 

effective normal stress results in further incremental compressive shear strain and increasing pore 

pressure.  Thus one initial increment of shear strain causes a positive feedback loop resulting in 

increasing pore pressures and accelerating shear strain rate characteristic of deviatoric strain-

softening.  Softening instability phenomena typically only occur in fine sands that have enough 

fines to behave undrained, yet still primarily derive strength from granular friction.   

Characterization of the instability line is most frequently done in triaxial tests (Wanatowski and 

Chu, 2007), which have directly controlled stress paths and measured stress states.  The result is 

an accurate measurement of softening instability phenomena in p’-q stress space.  However, 

failures of real slopes in the field are much more complex than is accounted for by triaxial 

conditions.  Wanatowski and Chu (2007) found that axisymmetric triaxial testing provides a 

conservative characterization of liquefaction with lower peak deviatoric stress and higher excess 

pore pressure than corresponding plane-strain tests.  Even in plane-strain apparatuses, tests are 

rarely done at low stresses that would model conditions near the free surface.   Such plane-strain 

tests have been performed almost entirely at normal stresses greater than 50 kPa (Finno et al., 

1996; Mokni and Desrues, 1998; Wanatowski and Chu, 2007).  This low stress state is difficult to 

achieve in plane-strain or triaxial element tests due to the non-uniformity arising from relatively 

large sample weight compared to applied stresses.  However, for the purposes of characterizing 

field behaviour, a model that incorporates both the plane-strain element-like conditions and a free 
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surface would permit direct comparison to real slopes, softening instability, and the infinite slope 

model, while still being simple enough to decompose into component stresses.   

3.2.2 Infinite Slope Model 

The stress path of softening instability in plane strain may be investigated using a physical model 

that conforms to the infinite slope Equations 3.1 and 3.2.  These equations are applied to a slope 

divided into a series of identical vertical slices each with the same forces, and displacements as 

the two adjacent vertical slices.  A rectangular physical model with a free surface and frictional 

base would simply decompose into the following stress states for a dry (u=0 kPa) sand 

(c’=0 kPa): 

𝛔′ = (𝛄𝐳)𝐜𝐨𝐬𝟐(𝛃) (3.1) 

𝛕 = (𝛄𝐳)𝐬𝐢𝐧(𝛃)𝐜𝐨𝐬(𝛃) (3.2) 

Where γ is the unit weight of the soil (kN/m3), z is the depth of the failure surface (m), and β is 

the slope inclination.  It should be noted that these equations will only be valid if the slope 

exhibits plane-strain behaviour similar to that of an infinite slope.  Movement of adjacent portions 

of the soil must be parallel, and the failure surface must be at a constant depth.  If these 

conditions are valid, the infinite slope equations will enable a direct interpretation of the infinite 

slope stress state at which a softening instability strain lurch occurs.   

Consider an infinite slope with steepening slope inclination β.  At a slope inclination of 0°, there 

are only normal forces acting on the base of the model (i.e. τ=0 kPa on the bedrock) as shown in 

Figure 3.2a.  As the slope inclination increases, gravitational weight on the soil slice remains 

constant but the reaction force at the base changes.  Figure 3.2b displays a decreasing normal 

stress and increasing shear stress as the infinite slope steepens: the stress path generated by the 

infinite slope model.  If the soil is loose, saturated sand, it will be expected to undergo deviatoric 

strain-softening after crossing the instability line.  This deviatoric strain softening will result in a 

reduction in shear stress as failure changes the slope geometry to achieve stability.  Adjustment of 
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slope angle of an infinite slope model serves as a method of stress control for soil behaviour 

characterization.   

Though traditionally a soil was believed to be stable below the failure envelope according to the 

infinite slope model, softening instability may be observed under certain conditions.  If a soil is 

loose, saturated, and can behave in an undrained manner, it is susceptible to deviatoric strain-

softening instability at stress states below the failure envelope.   

In this study, the physical response of a slope was compared to the behaviour predicted by the 

infinite slope and softening instability models using scale model centrifuge testing. It is 

hypothesized that if softening instability in loose sands is a rigorous concept, the initiation of 

deviatoric strain-softening should occur in any soil of the appropriate grain size and void ratio 

under saturated undrained conditions.  Further, a soil saturated with gaseous pore fluid such as air 

would be expected to experience softening instability.  The consequence of such a “dry” 

softening instability would differ from the typical “wet” softening instability due to the 

volumetric compressibility of gasses.  Whereas the liquid pore fluid would increase in pressure in 

a contractile soil, a gaseous pore fluid would briefly increase in pressure before compressing.  

The resulting dry softening instability would be shorter duration than an equivalent wet softening 

instability, yet would still result in a sudden strain lurch. Following the strain lurch, should the 

slope be further steepened, surficial ravelling would be observed at the angle of internal friction 

(φ), as predicted by the infinite slope model.     

3.3 Methods 

A soil tilt-table with adjustable slope inclination was created to characterize softening instability 

under plane-strain infinite slope conditions.  The tilt-table payload is a soil box with length more 

than ten times the soil depth, simulating an infinite slope.  Given that any model must be finite in 

length, a 10:1 length to soil depth aspect ratio was selected as a sufficiently large enough aspect 
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ratio to minimize boundary effects.  To test this assumption, a simple numerical model was 

completed in the commercially available software Slide version 6.0 produced by Rocscience Inc. 

as shown in Figure 3.3.  The model has a uniform soil, with a 10:1 length to depth ratio in a rigid 

container.  The modeled material had an internal friction angle of φ=35o and cohesion of c’=0. At 

a slope angle of β=35o, the minimum failure surface had a factor of safety of 1.01.  If the slope 

were truly infinite, the model would give a factor of safety of 1.00 for these conditions.  This 

analysis indicates that shallow failure surfaces have a much higher aspect ratio than deep failure 

surfaces. As such, shallow failure surfaces should approach having the correct factor of safety as 

their aspect ratio approaches infinity.   

Note the shallow failure envelope indicative of a surficial ravelling failure (Figure 3.3).  A soil 

box at least ten times as long as the soil thickness therefore replicates an acceptable model of the 

infinite slope condition (approximately 1% error).  With this aspect ratio, observed strains of the 

soil in the centre region of the slope should be parallel and can therefore be approximated as 

plane-strain, validating the application of the infinite slope model.   

In order to validate the plane-strain assumption in the centre region of the tilt-table, 

measurements of a matrix of strain vectors must be taken.   It is not sufficient to use point 

measurements such as linear potentiometers (LP) or linear variable differential transformers 

(LVDT) commonly found in triaxial and biaxial cells.  Therefore, Particle Image Velocimetry 

(GeoPIV) software by White et al. (2003) was selected to measure soil strains because of its 

inherent ability to take measurements at a matrix of locations without disturbing the soil.  

Accuracy of PIV results are highly dependent on the production of high quality images of the 

slope during testing.  For this a bank of specially modified DSLR cameras were positioned to 

capture the full range of slope rotation.  Each camera’s field of view (FOV) was oriented to 

overlap with adjacent cameras, permitting the creation of a composite image.  This enabled the 

full shape and magnitude of any observed strain lurch to be measured.   
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If the soil box is sufficiently long relative to soil depth (i.e. greater than 10:1), strains in the 

central region of the slope will appear uniform with respect to location downslope; similar to a 

strain element in a plane-strain cell.  The plane-strain assumption of the infinite slope will be 

valid.  Verification of this assumption will be possible with a complete characterization of the 

development of strains with time and shape of the failure surface using PIV.   

The soil tilt-table applies a set stress path by changing the slope inclination.  Unlike the triaxial 

and plane-strain apparatuses, the tilt-table cannot impose different stress paths by direct 

application with actuators.  In order to characterize the instability line, a series of tests with 

different stress paths must be performed with the same void ratio and geometry.  To accomplish 

this in an infinite slope tilt-table, a geotechnical centrifuge was employed.  Centrifuge testing has 

been successfully used to investigate a wide range of landslide processes (Take, 2014)  as the 

scaling factors for converting from model scale to prototype scale (Schofield, 1980) are widely 

accepted.  Figure 3.4a and b illustrate the decomposition of gravitational stresses into a normal 

and shear component which occurs at two tilt-table angles.  If a soil in the tilt-table box is brought 

to a particular gravitational level g1 and then rotated to failure, the expected stress path can be 

seen in Figure 3.4c.  The soil begins at an angle of 0° with only normal stress applied.  As the 

slope is steepened, shear stress increases while normal stress decreases.  Once the instability line 

is reached, the soil will undergo deviatoric strain-softening, reducing the effective normal and 

shear stress, and a strain lurch will occur. If the test is repeated with the same soil void ratio and 

tilt-table at different g-levels, the expected stress paths are shown in Figure 3.4c.  As the 

centrifuge tilt-table is a stress controlled environment, applied shear stress will not decrease after 

a softening instability event, assuming that slope geometry is maintained.  According to Lade 

(1992), connecting the peaks of each stress path will give the instability line in plane-strain 

conditions.   
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A centrifuge tilt-table box was designed for use in the Acutronic 680-2 centrifuge at the C-CORE 

facility in St. John’s Newfoundland (Figure 3.5).  The soil box was 680 mm long, 150 mm wide 

and accommodated a soil depth of 60 mm, satisfying the 10:1 aspect ratio requirement.  Rough 

sandpaper covered the base of the box, providing a frictional bedrock for the soil.  Side walls of 

the soil trench were constructed of glass panes with 75mm thick acrylic glass for support, 

providing a transparent side wall.  A bay of three Canon XTI DSLR cameras captured 10 

megapixel (3888 by 2592 pixel) images of the soil during the test.   The box was designed for 

stresses in excess of 100g to enable a range of potential stress paths.  Inclination of the tilt-table 

was controlled via a stepper motor attached to the toe of the slope.  A centre rotation point was 

chosen for the tilt-table to ensure that the centre of the soil, where the plane-strain assumption 

was most valid, stayed at the same radius from the centrifuge axis and thus in the same 

gravitational field during the test.  Inclinometers on both the tilt-table and fulcrum measured the 

soil slope angle.   Previous centrifuge tilt-table tests performed by Wu et. al. (2008) demonstrated 

the feasibility of tilting in flight in their shear box test.  The plane strain tilt-table used in this 

study leveraged stress conditions generated by the centrifuge and was analysed with the infinite 

slope model in order to investigate the instability line in plane strain.   

3.3.1 Test Procedures 

A 60 mm deep bed of Ottawa F-110 sand was prepared in the tilt-table by dry pluviation, 

calibrated to a void ratio of 0.81.   Soil parameters of Ottawa F-110 are summarized in Table 

3.1from Santamarina and Cho (2001).  Sprinkles of black Fraser River sand were added to the 

camera facing side of the F-110 to create a distinct soil texture, improving PIV accuracy in 

accordance with Dutton et. al. (2011).  Once pluviation was complete, the centrifuge was spun up 

to the desired gravitational intensity at a slope inclination of β=0o.  The tilt box was rotated at a 

rate of 0.03 degrees/s (0.0005 radians/s) to failure, controlled by a stepper motor that lowered the 

anchor point of at the toe of the slope (Figure 3.5), allowing the box to rotate under its own self 
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weight.  Angle of the tilt-table was measured using a comparison between two Seika N4 

inclinometers, one mounted on the fulcrum and one on the tilt box.   

At model preparation and centrifuge spin-up, the tilt-table remained horizontal as shown in Figure 

3.5a, imposing the stress condition shown schematically in Figure 3.2a.  The soil consolidated 

under normal compression with no shear stress as increasing gravitational force was applied.  

Once at the desired g-level, the tilt-table box was rotated until failure was observed, following 

one of the stress paths shown in Figure 3.4c.  Images were taken by the cameras every five 

seconds during centrifuge spin up, tilt box rotation, and spin down.  Once the test flight was 

complete, images were downloaded from the cameras for analysis with PIV.   

Sample images of the soil from a typical test are shown in Figure 3.6a.  The white and black 

speckled region in the middle third of the image is the soil as it appeared during the test, textured 

with Fraser River sand.  Below the soil is the aluminum bedrock base with sandpaper covering.  

Above and below the soil, black and white target stickers were applied to the glass.  These 

stickers were used in conjunction with PIV to calibrate the image and convert the measured 

strains and displacements from image pixels into real millimetre dimensions.  Without the 

calibration markers, the measured displacements would be a sum of soil movements, tilt box 

rotation, and change in refraction through the 75 mm acrylic glass.  Displacements were 

measured at eight elevations shown by yellow squares in Figure 3.6a.  A series of these 

measurements were taken at different locations downslope.  The uncalibrated displacements 

given in Figure 3.6b are indicative of how the rotation of the tilt-table and refraction obscures the 

actual soil movements.  Conversely, actual movements of the soil at each measurement location 

after calibration are shown in Figure 3.6c.  The displacements of the soil in millimetre space 

correspond to expected behaviour: the soil has small displacements until a large movement at the 

failure event.  Without the calibration procedure, measurements of true soil movements, and thus 

observation of a potential strain lurch, are not feasible.   
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3.4 Results 

Four tilt-table centrifuge tests were performed at radial accelerations of 1g, 20g 40g, and 60g 

(Table 3.2) to investigate the stress state in σ’-τ space at which softening instability occurs.  In 

each case, the soil was spun in the centrifuge to the desired g-level before being rotated to 

monotonic failure.  Displacements during spin up were measured during spin up (See Figure 3.7).  

These displacements were used to compute the volumetric strain due to gravitational 

consolidation.  Table 3.2 gives the final void ratio at g given for each test.   

Displacements of the soil 2 mm below the surface in the central region of the soil box are given in 

Figure 3.8 for test 02.  The movement was decomposed into two components: movements parallel 

to the soil surface, denoted dx; and movements perpendicular to the soil surface, denoted dy.  

Both components of displacement began at zero when the slope angle is 0o.  As inclination was 

increased at a constant rate, the surface displacement accelerated.  At 26 o and 29 o there is a 

sudden jump in the surface displacement signifying large soil movement for that incremental 

change in stress state, a sudden lurch of the soil.  After the instability at 29 o the soil became 

temporarily stable.  These sudden increases in surface displacements may be indicative of a 

softening instability event if they also occur across the soil depth.   

To determine the σ’-τ stress state at which the strain lurch event occurred, an assumption that the 

test apparatus imposes approximately infinite slope conditions must be adopted.  The 

displacements of the full slope during the softening instability event were computed using PIV 

and are shown in Figure 3.9.  These failure vectors were chosen to select an analysis region in the 

centre of the box where the impact of the rigid end boundaries is minimised.   

Measurements of soil displacement were carried out using PIV at eight discrete elevations above 

bedrock, as shown in Figure 3.6a.  The measurements were repeated at different locations 

downslope for a series of “vertical slices” analogous to the infinite slope model.  The spacing 

between adjacent slices and elevations was taken to be the gauge length for strain measurements.  
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Elevations were measured above the soil bedrock contact, with one measurement taken of the 

bedrock itself to serve as a baseline.   

The mean displacements at each elevation for each increment of slope rotation were decomposed 

into downslope (dx) and volumetric (dy) components (see Figure 3.10 for a sample of these soil 

movements).  At each slope angle displacements were uniform with respect to depth, behaviour 

normally associated with a strain element test, further validating the application of the infinite 

slope model.  Note the large displacement occurring in the downslope (dx) direction between 25 

and 30 degrees at elevations above bedrock (0 mm).  This large movement and associated large 

shear strain is concurrent with the large surface movement and strain lurch observed in Figure 

3.8, indicative of a softening instability event.  Further, the soil underwent an associated 

volumetric compressive (y direction) movement, which would have increased pore water pressure 

had a non-compressible pore fluid been used (i.e. water instead of air).   

Shear and volumetric strains were computed from relative displacements of adjacent 

measurements, analogous to the strain element shown in Figure 3.11.  Shear strains were plotted 

with shear stress computed using the infinite slope model in Figure 3.12.  Under 6.5 kPa of shear 

stress the soil exhibits a typical stress-strain response.  At higher stresses the soil lurches, giving a 

large instantaneous increases in shear strain at two separate events, shown on the graph by 

horizontal segments.  At these locations the soil is undergoing a strain-softening event, whereby 

an incremental increase in shear strain has caused a sudden progressive loss in shear strength, or 

softening instability.  Under typical triaxial conditions, this deviatoric strain-softening would 

result in a sudden complete loss of shear strength and large shear strain.  However, observed 

infinite slope softening instability was similar to the temporary liquefaction observed by Lade and 

Yamamuro (2011) due to two differences in model boundary conditions.  First, the pore fluid was 

air, a compressible gas incapable of sustaining the large pore fluid pressure required for 

liquefaction type softening instability.  Second, while the tilt-table box had a large aspect ratio, it 
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was still a finite length attempting to replicate the infinite slope model; once large strains 

occurred, the boundary conditions at the toe and crest of the slope  strengthened the soil and 

invalidated the infinite slope model.  Due to these factors, a softening instability initiated in an 

infinite slope did not have the same strains as one under triaxial conditions.   

Further, deviatoric strain-softening instability occurs only in soils that are loose, as the instability 

mechanism requires a compressive behaviour upon shearing to increase pore pressures.  Thus, if 

the observed strain lurch was in fact a softening instability event, it would be coupled with a 

volumetric strain as observed in Figure 3.13.  The compression angle of the soil during the test 

was measured from the slope of the plot.  Two strain lurch events were visible as jumps in both 

strains.  The concurrence of the strains apparent in Figure 3.14, where they are given as a function 

of slope inclination (β).   Since the tilt box was rotated at a constant rate, slope angle was directly 

analogous to test time, as given on the upper axis.  The two strain lurch softening instability 

events were visible at β=26o and 29o.  After each instability event, the soil was temporarily 

stiffened, indicated by the increase in slope angle without change in strains.  If a non-

compressible pore fluid was present, the volumetric strains would have caused an increase in pore 

water pressure which was not observed with a compressible pore fluid.   

Thus, the observation of two instabilities is a direct consequence of the use of air as a pore fluid.  

Under typical triaxial or plane-strain conditions with water as the pore fluid, the first softening 

instability event would initiate the positive feedback cycle of increasing pore fluid pressure.  This 

would immediately decrease normal stress and cause further deviatoric strain-softening resulting 

in a single large softening instability event.  With a compressible pore fluid such as air, the pore 

pressure does not increase after the first softening instability event. This breaks the positive 

feedback loop, leaving the soil loose of critical state and susceptible to further softening 

instability.  While tests using air as a pore fluid are acceptable for determining the stress state at 

the onset of softening instability, those tests cannot be used to predict the consequences of the 
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event.  Air saturated softening instability tests will always under predict the strains associated 

with liquefaction compared to wet saturated tests due to pore fluid compressibility.   The 

initiation of softening instability is decoupled from the positive feedback cycle of strain response 

by selecting a compressible pore fluid.   

Following the second softening instability event, the soil does not experience any further strains 

until surface ravelling.  The top 2 mm of the slope is lost to surface ravelling in a shear failure.  

Surface ravelling was used to indicate the position of the failure envelope for each test.  Rotation 

was stopped and the test concluded once surface ravelling was observed.   

Stress paths of the four infinite slope tests in σ’-τ space are given in Figure 3.15.  In each case, 

stress state was determined using the infinite slope model and measurements of slope inclination.  

The stress state at which the first strain lurch softening instability was observed were plotted.  

These points were analogous to the peaks of the triaxial effective stress path in Lade and 

Yamamuro (2011).  Connecting these points define the instability line, above which is the region 

of potential instability.  Also plotted, the stress state at which surface unravelling was observed, 

defining the failure envelope.  Thus, for each test, a strain lurch was observed to occur at a 

friction angle less than the critical state angle.  These strain lurches define the instability line of 

the test soil at the test void ratio.  For this loose, dry, granular material, the instability line was 

found to be below the failure envelope.   

3.5 Conclusions 

Granular soils which are loose, saturated (with a dry or wet pore fluid), and are subjected to a 

monotonic shearing event can exhibit softening instability at stresses below the failure envelope.  

In this chapter a centrifuge tilting table apparatus was developed to search for the onset of 

softening instability in novel tilting table tests on dry granular soils.  Tests were performed on 

loose soil at 1g, 20g, 40g and 60g.   
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It was observed that in the infinite slope model, soil saturated with air as a pore fluid experienced 

a strain lurch indicative of softening instability followed by a surface unravelling indicative of 

shear failure.   A back analysis of the stress state of the tests using the infinite slope model 

indicates that a region of potential instability was found between the instability line and the 

failure envelope as predicted from the past literature.   The stress states at which softening 

instability occurred were connected to form the plane-strain instability line.  This technique 

allows us to study the low stress levels typically seen in shallow landslides (<2 m in depth).  

These results provide tangible experimental evidence that can be used to explain the apparent 

contradiction between the instability line concept and the infinite slope model.   Failure events 

attributed to both failure types were observed in each test.  First, a high strain rate deviatoric 

strain softening instability event was observed at a stress ratio less than the failure envelope.  Due 

to the soil being saturated with compressible air, the resulting failure involved a change in void 

ratio and strain hardening.  Following the softening instability and a further increase in the 

inclination of the soil tray, the soil surface experienced a shear failure at the failure envelope.  

Had the soil been saturated with water, the softening instability would have resulted in deviatoric 

strain softening as opposed to strain hardening due to the incompressible nature of water.  In this 

case, the use of the infinite slope model provides a poor estimate of the conditions leading to 

failure.   
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Table 3.1: Properties of Ottawa F-110 Sand (Santamarina and Cho, 2001) 

Property Value 

Friction Angle, φcs 31o 

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: Test series at various g-level 

Test g-level Initial Void Ratio Void Ratio at G 

01 1 0.808 0.808 

02 20 0.808 0.790 

03 40 0.808 0.786 

04 60 0.808 0.782 
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Figure 3.1: Effective stress paths: a) the peaks of each effective stress path are connected to 

define the instability line; b) the slope of the instability line is sensitive to initial void ratio of 

the soil 
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Figure 3.2: The infinite slope model: a) development of shear and normal forces with a 

changing slope angle; b) stress path predicted by the infinite slope model, after crossing the 

instability line, a strain softening event is possible. The shear stress on the failure surface 

will decrease due to a change in slope geometry following a softening instability failure.  
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Figure 3.3: Numerical Model of a slope with 10:1 length to soil depth. The modeled soil had 

φ=35o and c’=0.  Slope angle, β, was 35o.  Note that the factor of safety is 1.01 rather than 

1.00 which it should be in a truly infinite slope 
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Figure 3.4: The soil tilt-table is able to adjust slope angles during centrifuge flight: a and b) 

decomposition of gravitational stress into normal and shear components at two slope 

angles; c) stress paths predicted by the infinite slope model for a soil at void ratio e1 for 

three different gravitational levels, g.  The stress path does not drop off after crossing the 

instability line as the centrifuge tilt table is a stress controlled environment.   
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Figure 3.5: Centrifuge tilt table apparatus: a) initially the tilt table is in a horizontal 

alignment during gravity turn-on.  Once test acceleration is reached, the strain-controlled 

vertical actuator slowly reduces the upwards force acting to resist the slightly unbalanced 

box self-weight resulting in b) a controlled tilting of the box until a softening instability is 

triggered and observed using image analysis 
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Figure 3.6: a) Location of displacement measurement points at 0o, 15 o and 30 o rotation for 

test 02 (20g); b) soil displacements are not isolated from measurement point movement 

stemming from rotation and refraction; c) after calibration the soil displacement is 

apparent 
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Figure 3.7: Consolidation of soil during centrifuge spin up: a) location of measurement 

points on soil, one such point is highlighted in the top left corner; b) displacement vectors 

magnified five times 
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Figure 3.8: Displacement of the soil surface with changing slope angle for test 02 (20g) 
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Figure 3.9: Displacement of the soil at the softening instability event β=29.7o for test 02 (20g).  Displacements are magnified ten times 
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Figure 3.10: Profiles of downslope displacement and settlement displacement at different 

elevations above bedrock for test 02 (20g) 

 

Figure 3.11: Four PIV patches are examined concurrently to create a strain element. dx is 

the differential downslope movement between the top and bottom of the strain element.  dy 

is the differential contractile movement between the top and bottom of the strain element 
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Figure 3.12: Stress-strain curve of a tilt-table test 

 

Figure 3.13: Volume strain and shear strain below the failure envelope.  Note downward 

trend indicative of loose soil 
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Figure 3.14: Volumetric and shear strain as a function of slope inclination 

  

Figure 3.15: Stress paths of infinite slope tests. The stress paths were calculated using the 

infinite slope equations (equations 3.1 and 3.2). The line of best fit through the points of 

observed first strain lurch form the instability line.  The line of best fit through the points of 

observed surface ravelling form the failure envelope 
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Chapter 4 

Summary and Conclusions 

4.1 Summary of Research 

In Chapter 1, the models were introduced and the purpose of the study was outlined. Chapter 2 

presented the development of a centrifuge tilt table for testing infinite slope physical models.  

Chapter 3 presented a comparison of the instability line and failure envelope with respect to 

observed soil behaviour in the centrifuge tilt-table.  An overall discussion of the research findings 

and concluding remarks are presented in this final chapter.   

This thesis refers to the shear strength failure envelope defined by Equation 1.1 as simply the 

failure envelope. Additionally, this thesis refers to the instability type events observed by Lade 

(1992) and others as deviatoric strain softening or softening instability, an event which causes a 

progressive reduction in a soil’s shear strength due to excess pore water pressures generated by 

the undrained shearing of the contractive soil.  Finally, where the term instability line is used, it 

refers to a line which separates stress states at which the soil may experience softening instability 

from those where it cannot.   

 Although previous work has been done in the area of softening instability, it has primarily been 

conducted in triaxial and biaxial cells (Wanatowski and Chu, 2007).  The resulting stress paths of 

previous work were defined in the p’-q space, which is typically not used to evaluate stability of 

field conditions.  This study used a physical model based on the infinite slope model, enabling 

direct comparison within the σ’-τ stress space between the failure envelope, instability line, and 

field slope conditions.  Using this new physical model (centrifuge tilt-table), it was verified that 

for loose, dry, granular material, deviatoric strain softening results in slope failure at a stress state 

beneath the failure envelope.   The simple analytical method of the infinite slope model permitted 

the study of the fundamental mechanics of the instability line.   
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Specifically, this study directly compared the infinite slope model with the predicted softening 

instability failure using a newly developed centrifuge tilt table.  The tilt table was designed to 

have the conditions necessary for the validity of the infinite slope model: the soil slope was 

divided into vertical slices with identical soil properties and stress conditions.   

The centrifuge tilt table was designed to allow for three control mechanisms for stress state: 

gravitational acceleration (g), slope angle (β), and pore water pressure (u).  Gravitational 

acceleration was controlled by changing the rate of centrifuge rotation, thereby allowing for the 

adjustment of stress magnitudes without changing the slope geometry.  Adjustment of the slope 

angle controlled the relative magnitudes of the effective normal stress (σ’) and shear stress (τ).  

Finally, a water control system raised and lowered the phreatic surface and thus the pore water 

pressure.   

Two water control systems were considered for their conformity to the infinite slope model and 

ease of use.  The crest and toe flow control model has an adjustable water flow rate at the crest of 

the slope.  This flow was regulated to control phreatic surface in the system.  Any change in the 

flow rate would take a set time to propagate downslope before the infinite slope model would 

become valid again.  Depending on the permeability of the soil, this time frame could become 

impractical for some tests.  However, for non-cohesive materials, adjustments to the phreatic 

surface would propagate downslope in the span of minutes.  With small gradual adjustments to 

water flow, tiny changes to phreatic surface height ensured that the infinite slope assumptions 

remained valid, and the water table remained parallel to the bedrock.   

A sand-filled pipe control system was also considered to provide shorter flow paths and thus 

more rapid model response to changes in water flow.  This system reduced model response times 

by applying the water boundary condition at ten points along the slope rather than the two applied 

by the crest and toe control system.  Proof of concept tests showed that the sand-filled pipe was 

able to generate a sloped energy grade line.  However, unsaturated soil conditions prevented the 



 

 

 

61 

sand-filled pipe from applying the desired water boundary condition to the model soil.  When 

water initially entered the soil, an unsaturated condition was created.  For further water to enter, 

air bubbles trapped at the bedrock of the slope had to be pushed upward through the unsaturated 

region.  However, the small water pressures produced by the sand-filled pipe were not sufficient 

to overcome the air entry pressure.  Thus the trapped air created a barrier preventing the further 

influx of water into the system. 

The centrifuge tilt table was filled with dry pluviated Ottawa F110 sand to observe the stress 

conditions at failure.  In successive tests, the tilt table was spun to varying gravitational levels and 

rotated to failure.  Stress states were calculated using the infinite slope model, and strains were 

measured using Particle Image Velocimetry.   

In this study, strains observed in the central portion of the slope were found to be consistent 

between adjacent vertical slices, verifying the validity of the infinite slope model for that region.  

For each test, a sudden increase in shear strain was observed at a point below the failure 

envelope.  This failure was attributed to deviatoric strain softening: a sudden decrease in shear 

strength catalyzed by a small shear strain.  This behaviour is consistent with current research on 

the instability line.  In the case of these dry centrifuge tilt table tests, the consequences of dry soil 

softening instability behaviour are different from the consequences in wet soil.  Due to the 

compressible nature of the gaseous pore fluid, the temporary undrained response associated with 

softening instability is not present; volumetric strain occurs as the pore gas compresses.  The 

deviatoric strain softening of dry soil results in shear and volumetric strains followed by increased 

soil strength due to densification. 

Tilt table rotation was continued beyond the observation of the deep-seated deviatoric strain 

failure.  In each test, surface raveling, typical for shear failure at the failure envelope, was 

observed at a steeper soil angle.  Plotting the stress states of each failure in the σ’-τ stress space 

give the relative positions of the instability line and failure envelope (Figure 3.15).  For loose, 
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granular, saturated slopes, deviatoric strain softening will occur at the instability line, a stress 

state which is below the failure envelope.  The failure envelope over-predicts soil strength for 

loose, granular, saturated soils.  Where such granular slopes are constructed, care should be taken 

to ensure they are either densified or flattened.  The instability line should be used as a more 

conservative model for failure of granular slopes.   

4.2 Conclusions 

The centrifuge tilt table was established as a viable method for the study of fundamental 

behaviour of soils.  By controlling gravitational level (g), slope angle (β), and pore water pressure 

(u), a variety of stress paths are possible.  As with the triaxial and biaxial tests, the tilt table 

provides researchers with a tool for mapping out soil behaviour.  The tilt table carries the 

advantage of mapping to the σ’-τ stress space which is more directly analogous with slopes in the 

field.   

By using the centrifuge tilt table, deviatoric strain softening behaviour was observed in loose 

Ottawa F110 sand saturated with pore air.  This softening instability behaviour was observed at 

stress states beneath the failure envelope, demonstrating that the failure envelope will over-

estimate slope stability for loose granular slopes.  Should these soils become saturated, a failure 

event can occur at stress states which are stable according to the failure envelope.  For field 

conditions, slopes should be compacted or flattened to avoid potential softening instability.   

4.3 Future Work 

From this thesis study it has been determined that both the instability line and the failure envelope 

are compatible explanations of soil behaviour. Through this work it is understood that soils which 

are loose, granular and saturated will experience deviatoric strain softening beneath the failure 

envelope. Further, if the softening instability event occurs in a soil with a compressible pore fluid 

such as air, a second failure (surface-ravelling shear failure) will occur at the failure envelope.   
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Building on this work, dry tilt-table tests can be used to investigate the effect of void ratio on the 

instability line. Future research in this area should explore more complex stress paths by using 

water in the centrifuge tilt table. Further, comparative studies are needed between the instability 

line location in the centrifuge tilt table and those in plane strain element tests. Further 

comparative studies may investigate softening instability failure for a variety of soil grain size 

distributions.    



 

 

 

64 

4.4 References 

Lade, P.V. (1992). Static instability and liquefaction of loose fine sandy slopes. Journal of 

Geotechnical Engineering, vol. 118, no.1, pp .51-71. 

Wanatowski, D. and Chu, J. (2007). Static liquefaction of sand in plane strain. Canadian 

Geotechnical Journal, vol. 44, pp. 299-313. 

 


