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Abstract 

Champlain Sea Clay (also known as Leda Clay) is a sensitive marine clay that was deposited 

within the limits of the Champlain Sea transgression during the final retreat of the Laurentide ice 

sheet. Upon isostatic rebound, the watersheds incised deep river valleys throughout the Ottawa 

region. These sensitive clay river banks have been shown to be highly susceptible to large 

retrogressive landslides. A cone penetration testing and hydrogeological program was developed 

in this thesis to characterize a retrogressive landslide along a creek valley consisting mainly of 

Champlain Sea Clay. As Champlain Sea Clay has been commonly shown to consist of banded 

layers, a 2 cm
2
 piezocone, and 5 cm

2
, 10 cm

2
 and 15 cm

2
 CPTu cones were used to demonstrate 

that the slightly larger 5 cm
2
 penetrometer was the most practical size for investigating landslides 

in Champlain Sea Clay. In doing so, the 5 cm
2
 cone was capable of high resolution stratigraphic 

profiling, locating remoulded layers for slip surface detection and characterizing the Champlain 

Sea Clay landslide near Ottawa.  

Due to the significant effects of the pore pressure distribution on slope stability and retrogressive 

behavior, a long term hydrogeological program was initiated which defined the ground water 

regime and real-time pore pressure data during a retrogressive landslide event. The seasonal 

change in the ground water regime from rapid snowmelt has shown to be a significant 

hydrogeological influence on triggering a retrogressive landslide along Mud Creek.  With regular 

monitoring over multiple seasons, the seasonal pore pressure changes can be used to further 

understand the long term development of retrogressive landslides in Champlain Sea Clay. 
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Chapter 1 

Introduction 

1.1 Sensitive clay landslides in Ottawa/Gatineau Region 

1.1.1 Champlain Sea Clay 

Champlain Sea Clay (also known as Leda Clay) is a glaciomarine clay that was deposited 12,500 

to 10,000 BP within the limits of the Champlain Sea marine transgression (Quigley, 1980). Upon 

regression of the Champlain Sea, isostatic rebound caused the deposits to rise and deep river 

valleys to form throughout the St. Lawrence lowlands of Eastern Canada. Gadd (1962) suggested 

that during the regression there was major re-deposition of the marine clays into fresh water 

around the Ottawa valley, potentially due to an influx of fresh water from the Great Lakes region. 

Champlain Sea Clay has a variable material composition that is highly dependent on the timing 

and environment of deposition. Champlain Sea Clay was observed to vary from clay to silt facies 

deposited in the marine or brackish water during the Champlain Sea transgression and 

fluviodeltaic clay and silt subsequently deposited in fresh water (Fransham and Gadd, 1977). 

Clays deposited in alluvial, estuarine or shallow marine environments commonly contain thin 

layers of silt and sand due to the seasonal rapid changes in suspended sediment load and water 

velocity (van Husen, 1987). 

Champlain Sea Clay in the Ottawa area is known for its sensitivity (i.e. the ratio of undisturbed 

shear strength of a soil to its remoulded shear strength) and having a similar mineral composition 

and structure as other marine clays (Crawford, 1967). Champlain Sea Clay is a brittle structured 

material composed of clay particles or flour rock (Tavenas et al, 1983) which are bonded by 

plastic and rigid bonds (Crawford, 1967). The open structure of Champlain Sea Clay enables the 



 

 

2 

clay to maintain its undisturbed shear strength at water contents higher than the liquid limit. 

However, when subjected to shearing, this brittle structured material can collapse, triggering large 

positive excess pore water pressures, and significant deviatoric strain softening. As a result, 

landslides within Champlain Sea Clay are prone to flow sliding, lateral spreading, and significant 

distances of retrogression. 

1.1.2 Landslides in Champlain Sea Clay 

Hugenholtz and Lacelle (2004) conducted an inventory of landslide activity of the Green’s Creek 

valley near Ottawa. The inventory composed of aerial photographs collected over a 73 year 

period indicated that at least 52 landslides have occurred along Green’s Creek and its tributary 

Mud Creek. The landslides within this region were dominated by simple rotational slides (75%), 

then retrogressive rotational slides (13%), flows (8%) and translational slides (4%). A simple 

rotational slide fails along an upward concave slip surface. As the soil mass rotates down the 

slope, a crescent shape scarp or crown is left at the head of the more stable configuration. 

Retrogressive rotational slides have multiple shear surfaces with the failure continuing after the 

first slide until the scarp reaches a more stable configuration. In order for a flow slide to occur, 

the clay needs to have a low remoulded shear strength and a high liquidity index (Locat et al, 

2011). A translational landslide is defined as a soil mass that slides along a failure surface parallel 

to the ground surface. Retrogressive rotational landslides, flows and translational landslides occur 

very rapidly with little warning and typically cover areas larger than 1 ha (Locat et al, 2011). 

However, the retrogressive landslide events recorded by Hugenholtz and Lacelle (2004) in the 

Green’s Creek valley were typically less than 0.5 ha. Mitchell and Markell (1974) indicated that 

the distance of landslide retrogression along the Green’s Creek valley (includes Green’s Creek 

and Mud Creek) was shorter compared to other active landslide valleys (e.g. South Nation River 
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and Madawaska River). The empirical formulas developed by Mitchell (1978) to approximate the 

distance of retrogression suggests that the smaller valley height along Green’s Creek would 

influence the distance of retrogression. However, the landslides along the Green’s Creek valley 

have experienced a unique behavior in which the retrogressive events were prolonged over a 

longer period of time from several weeks to several years compared to several hours to several 

days as seen as the more renowned landslides in Champlain Sea Clay (e.g. Saint-Jean Vianney 

and Saint-Jude landslides). Commonly used methods such as cone penetration testing, 

hydrogeological monitoring and aerial photogrammetry can be adopted to further characterize 

this region in order to investigate the landslide behaviour of Champlain Sea Clay in the Green’s 

Creek valley. 

1.1.3 Characterisation of landslides 

Cone Penetration Testing (CPT) has been commonly used during site investigation of sensitive 

clay landslide masses. A standard CPTu test is typically equipped with three sensors measuring 

the tip resistance, sleeve friction and pore water pressures (u2) during penetration. CPT testing is 

practical for stratigraphic profiling, detecting slip surface locations, locating strain-softening 

zones, back analysing landslides and defining the strength profiles of the remoulded and intact 

regions of landslide masses. Miniature piezocones have been developed (e.g. Hird et al, 2003; and 

DeJong et al, 2007) in order to optimize the pore pressure response required to define the varved 

features that can significantly influence the anisotropic behaviour of the soil mass. 

Hydrogeological methods are commonly incorporated in a landslide site investigation to define 

the seasonal ground water regime and pore pressure distribution for landsliding. The seasonal 

variation in the pore pressure distribution throughout the slope due to heavy rain and snow melt 

periods will have major implications on slope stability. Piezometers are commonly used as a long 
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term monitoring technique to evaluate the seasonal impact on slope stability and to define the 

ground water flow and water levels during the maximum and minimum pore water pressure 

conditions. 

1.2 Previous Work 

Queen’s University has been monitoring a small section of creek bank since 2008 along the 

meandering Mud Creek located East of Ottawa (Foster et al, 2011). The small section of bank 

was observed as a potential landslide in which the landslide activity was currently suspended. 

Thus, the slow surficial movements and toe erosion from the meandering creek were monitored 

from 2008 to 2011 using aerial photogrammetry and various surveying methods in order to 

observe the pre-conditions prior to an active landslide event. The landslides were mapped by 

obtaining high resolution images from an Unmanned Aerial Vehicle (UAV) or tethered blimp to 

create a 3D representation of the surface terrain (i.e. Digital Elevation Model (DEM)).  The aerial 

photogrammetry and surveying methods provided historical DEMs of the slope during a 

suspended state of landslide activity. In March 2012, the first major landslide event occurred 

along the small section of bank, providing an excellent case study to monitor the evolution of a 

landslide within Champlain Sea Clay using cone penetration testing and hydrogeological 

methods. 

1.3 Objectives 

The overall goal of the research program is to characterize and monitor a retrogressive landslide 

that has occurred within the Champlain Sea Clay deposit. In order to achieve this goal, two 

specific objectives have been set for the research: 
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1. To perform an extensive investigation of the soil stratigraphy and properties of the 

sensitive clay slope banks of Mud Creek using CPT testing. The CPT findings can be 

used to determine the typical layering in Champlain Sea Clay along Mud Creek and 

locate remoulded layers for proposing a potential failure surface of a retrogressive 

landslide. The CPT methods will be analyzed in order to optimize the performance of 

stratigraphic profiling in Champlain Sea Clay. 

2. A long term hydrogeological monitoring program will be initiated in order to provide 

preliminary findings on the typical seasonal ground water regime and the pore water 

pressure distribution prior to a retrogressive landslide. 

1.4 Organization of thesis 

The thesis has been prepared in Manuscript Form in accordance with the regulations of the 

School of Graduate Studies at Queen’s University. Two original manuscripts are included as 

Chapters Two and Three of this dissertation. Chapter Two, “Cone Penetration Testing of a 

retrogressive landslide along Mud Creek, Ottawa” describes the cone penetration site 

investigation techniques and findings of a retrogressive landslide in Champlain Sea Clay. Chapter 

Three, “Long term hydrogeological monitoring program at Mud Creek, Ottawa” describes an 

initiation to monitor the hydrogeological ground water regime at Mud Creek and provides the 

preliminary findings on the pore pressure distribution during a retrogressive landslide. Chapter 

Four presents a general discussion and summary of the findings from the work undertaken. 
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Chapter 2 

Cone Penetration Testing of a retrogressive landslide along Mud Creek, 

Ottawa 

2.1 Introduction 

Sensitive clay landslides pose a significant geohazard risk in Canada, Sweden, Norway as well as 

parts of Alaska (e.g. Khaldoun et al, 2009). The river banks within the St Lawrence Lowlands 

region of Eastern Canada carve through the sensitive Champlain Sea Clay and are particularly 

active sensitive clay landslide areas (e.g. Mitchell and Markell, 1974; Fransham and Gadd, 1977; 

and Hugenholtz and Lacelle, 2004). These clays were deposited in a marine environment 12,500 

to 10,000 BP during the Champlain Sea marine transgression (Quigley, 1980) and are commonly 

termed Champlain Sea Clay or Leda Clay. Subsequent isostatic rebound has caused these deposits 

to rise and river valleys to form within the deposit. Champlain Sea Clay is known for its 

sensitivity (i.e. the ratio of undisturbed shear strength of a soil to its remoulded shear strength) 

with a similar mineral composition and structure as other marine clays (Crawford, 1976). 

Champlain Sea Clay is a structured material composed of clay particles or flour rock (Tavenas et 

al, 1983) that are cemented to one another by plastic or rigid bonds (Crawford, 1976). The open 

structure of Champlain Sea Clay enables the material to maintain its undisturbed shear strength at 

water contents higher than its liquid limit. However, when subjected to shearing, this brittle 

structured material is prone to collapsing, generating large positive excess pore water pressures 

and demonstrating significant deviatoric strain softening. In some instances, Champlain Sea Clay 

has been termed ‘quick clay,’ (i.e. sensitivity greater than 16 as classified by Skempton and 

Northey, 1952) having the ability to transform from a brittle material to a liquid mass when 

disturbed (Crawford, 1967).  
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Significant research has been conducted on the geology of Champlain Sea Clay (e.g. Johnson, 

1917; Fransham and Gadd, 1977; and Quigley, 1980), landslide events (e.g. Tavenas et al, 1971; 

Demers et al, 1999; Locat et al, 2012; and MTQ, 2011) and failure mechanics of landslides 

(Locat et al, 2011 and Quinn et al, 2012) occurring within this sensitive marine deposit. Research 

by Fransham and Gadd (1977) has indicated that sensitive clay deposits around the Green’s Creek 

valley consist mainly of clayey silt bands and a smaller layer of freshwater varved sequences 

containing alternating silt and clay layers near the bottom. These layered sequences are of interest 

in terms of quantifying anisotropic strength properties (e.g. resulting in a potential preferential 

failure surface) and hydraulic properties (e.g. anisotropic permeability and preferential seepage) 

throughout the slope, but also in providing vital clues of landslide movement during back analysis 

of failure events (e.g. layering was used as a primary tool to understand the formation of horsts 

and grabens associated with lateral spreading during the Saint-Jude landslide (MTQ, 2011)).  

As cone penetration testing is particularly well suited for the detection of stratigraphic layers, this 

technique is potentially very useful in the characterisation of landslide deposits in Champlain Sea 

Clay. Previous studies have shown that the size of the CPT is of a particular concern in the 

identification of stratigraphic profiling, with miniature piezocones (typically on the order of 1 cm
2
 

or less in area) having shown to be a highly effective method in detecting thin 1 mm to 8 mm 

alternating layers of clay and silt (e.g. Hird et al, 2003; DeJong et al, 2003; and DeJong et al, 

2007). The disadvantage of the miniaturization required for this profiling is that the tip and sleeve 

often need to be removed from the housing of the miniature piezocone due to the potential for 

cross-talk between the sensors, or simply to sacrifice these sensors to increase the quality of water 

pressure measurements through the minimization of the volume in the u1 or u2 pressure 

measurement system. However, Champlain Sea Clay has been observed to mainly consist of 

banded layers of clayey silt (e.g. Fransham and Gadd, 1977; and MTQ, 2011) which is the unit 
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where most of the landslides occur (Fransham and Gadd, 1977). These layers are typically on the 

order of a few centimeters thick (MTQ, 2011) and Hird and Springman (2006) demonstrated that 

a 5cm
2
 CPTu cone was capable of identifying layering in stratified units of 2 mm to 4mm thick. 

Thus, it is possible that a 5 cm
2
 cone may be used in Champlain Sea Clay masses, which is 

capable of detecting the thicker banded layers using pore pressure and can additionally house the 

tip and sleeve sensors required for strength profiling.  

The objective of this chapter is to determine whether a slightly larger penetrometer area of 5cm
2
 

can sufficiently provide the high resolution stratigraphic profiling required for characterizing 

sensitive clay landslide masses in Champlain Sea Clay. The sensitive Champlain Sea Clay banks 

along the meandering creek, Mud Creek, was chosen for the field investigation. Mud Creek is the 

small tributary shown in Figure 2.1 connecting to the larger Green’s Creek and has been marked 

as an active landslide region within the Green’s Creek Valley (Hugenholtz et al, 2004). Cone 

penetration testing was performed to characterize a retrogressive rotational landslide occurring at 

the field site selected in Figure 2.1 by indicating the likely stratigraphy, locating layer sequences 

and defining a potential slip surface. This case study will evaluate the effect of cone diameter on 

the ability to detect alternating bands or varves in Champlain Sea Clay.  

2.2 Background 

2.2.1 Typical geology of Champlain Sea Clay deposits 

Fransham and Gadd (1977) indicated that Champlain Sea Clay deposits are not consistent 

spatially and there is significant variability of the stratigraphic units. The change in Champlain 

Sea Clay composition is dependent on the timing and environment of deposition. Champlain Sea 

Clay can vary from clay to silt facies deposited in marine or brackish water during the Champlain 

Sea transgression and fluviodeltaic clay and silt subsequently deposited in fresh water (Fransham 
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and Gadd, 1977). Clays deposited in alluvial, estuarine or shallow marine environments 

commonly contain thin layers of silt and sand due to the rapid changes in suspended sediment 

load and water velocity (van Husen, 1987). The bands and varves within Champlain Sea Clay 

deposits have been noticed by many researchers (e.g. Fransham and Gadd 1977; Demers et al, 

1999; DeJong et al, 2007; and MTQ, 2011). The layer thickness and order of deposition is 

dependent on the seasonal changes during the period of deposition. During the late winter and 

early spring when runoff was high, the larger sandy silt particles settled quickly in the high 

turbulence watersheds while the finer clay particles are held in suspension. The finer clay 

particles slowly settled during the lower turbulence seasons (late summer into the winter).  

Fransham and Gadd (1977) visually inspected numerous borings throughout the Ottawa Valley 

and characterized the clay and silt layered unit associated with Champlain Sea Clay. This 

investigation indicated that varved clay facies typically occupied the lower sequence of the 

Champlain Sea Clay deposit above the lower till deposit. As noted by Fransham and Gadd (1977) 

the origin of the freshwater varved clay deposited under the influence of glacial ice melt was first 

discovered by Johnston (1917), followed by Antevs (1925) and Gadd (1962). A distinct transition 

was evident between the varved clay and the overlying marine clays concluding an “abrupt 

change in the depositional environment occurred at that time” (Fransham and Gadd, 1977). The 

marine clays of the Champlain Sea are typically composed of dark grey bands.  

2.2.2 Cavity expansion during cone penetration testing 

Cone Penetration Testing (CPT) has been used as an in-situ method to identify layered soils and 

indicate the spacing of layers in glaciomarine clays (e.g. Hird et al, 2003; and DeJong et al, 

2003). The ability to detect thin layers within glaciomarine clays is highly influenced by the 

dynamic pore pressures generated during testing. The generation of pore pressures around the 
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cone and shaft during penetration has been described using spherical and cylindrical cavity 

expansion theories respectively as the displaced material during deep penetration accommodates 

deformations of the soil (Vesic, 1972).  

As the cone penetrates through a non-homogenous material, the difference in the horizontal 

coefficient of consolidation, ch between each layer varies and is reflected in the pore pressure 

response. Teh and Houlsby (1991) demonstrated that the size of the plastic zone in which excess 

pore pressure are generated from cone penetration testing are dependent on the size of the cone 

and the Rigidity Index of the material. As the Rigidity Index increases, the extent of the plastic 

zone will increase (Teh, 1987) generating larger excess pore pressures around the cone. Teh and 

Houlsby (1991) developed the modified time factor equation defined by T*, in order to unify 

various dissipation curves regardless of the cone area and the Rigidity Index as seen in Equation 

2.1: 

 
    

    

  √  
 

(2.1) 

where t is the time of dissipation, ch is the coefficient of consolidation, a is the cone radius and Ir 

is the Rigidity Index. As the cone area will influence cone dissipation, it will be an important 

criterion when selecting the appropriate cone for high stratigraphic profiling.  

As noted by Hird et al (2003), “the feasibility of detecting soil layers just a few millimeters thick 

was demonstrated by Torstensson (1977) using a pore pressure probe.” However, cavity 

expansion theory demonstrates that the rate of dissipation is not uniform at different locations on 

the cone and along the shaft (Teh and Houlsby, 1991). DeJong et al (2007) designed a 0.2 cm
2
 

miniature piezocone (pore pressure only) for high resolution stratigraphic profiling of layered 

clays. DeJong et al (2003) performed a series of soundings with a 0.2 cm
2
 piezocone while 
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alternating the piezometer filter location between the u1 (mid face of cone tip), u2 (shoulder of 

cone) and wissa u1 (apex of cone tip) locations to determine the resultant pore pressure response. 

The cone penetration soundings indicated that the wissa u1 piezometer filter location, followed by 

the u1 and u2 filters produced the highest sensitivity and change in pore pressure magnitude.  

The excess pore pressures generated during penetration can be determined by the sum of the pore 

water pressure from the volumetric and shear stress components as the cone penetrates through 

the soil. However, the stresses that develop around the penetrometer will be a function of the 

location of the elastic-plastic boundary (yield contour) separating the zone of soil that deforms 

elastically and the zone that deforms plastically. Whittle et al (2001) indicated that the distance 

between the cone tip and the elastic-plastic boundary measured along the axis of the penetrometer 

will vary with cone angle. A sharp angle will cut through the soil, whereas a larger cone angle 

will cause compressive plastic yielding of the soil ahead of the penetrometer, increasing the zone 

of failure (i.e. increasing the distance of the elastic-plastic boundary from the cone tip). This same 

theory will apply to a variation in cone diameter and the effects on the excess pore water 

pressures generated. The contractive nature of sensitive clays induces pore water pressures a 

distance, D from the axis of the cone during cone penetration (described by spherical cavity 

expansion). Figure 2.2 outlines the shift in the plastic zone with variable cone diameters, d. 

Equation 2.2 of cavity expansion theory states the size of the influence zone, D is related to the 

diameter of the penetrating cone and the Rigidity Index, Ir of the material (Mayne, 2009). 

  

 
 √  

 
 

(2.2) 
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Thus, as seen in Figure 2.2 a larger diameter cone will result in a larger zone of influence. The 

larger zone of influence will result in a longer drainage path during rod breaks. The larger zone 

will affect the pore water pressure dissipation due to the change in drainage path difference.  

2.2.3 Cone penetration testing methods in sensitive clays 

Typically, the cone tip resistance is used to define the failure surface location since the remoulded 

shear strength is much lower than the shear strength within the intact clay. This approach was 

adopted by Demers et al (1999) for a landslide in Maskinongé, Quebec in 1999. Additionally, 

MTQ (2011) clearly demonstrated this method at the 2010 Saint-Jude landslide site in order to 

infer the slip surface location of the landslide event. The data from MTQ (2011) in Figure 2.3 

compares the difference in the adjusted total corrected tip resistance (qt-σv) within the intact soil 

and the remoulded debris to locate the failure surface. The failure surface was indicated at the 

elevation where the tip resistance regains its strength consistent with the undisturbed strength of 

the intact clay. In this case, the material above the failure surface resulted in some degree of 

remoulding having a lower shear strength than within the intact material. This loss in undrained 

shear strength will alter the Rigidity Index of the remoulded deposit compared to the intact 

material. Teh and Houlsby (1991) determined that the excess pore pressures generated around the 

cone are directly related to the Rigidity Index of the material. As a result, there will be a distinct 

difference between the pore pressure response within the intact and remoulded deposits. 

DeJong et al (2007) used a piezocone to indicate the distinct transition between varves in 

glaciomarine deposits. The typical data from DeJong et al (2007), in Figure 2.4, indicates that a 

distinct drop in pore pressure was evident at each silt layer (deposited rapidly in late winter and 

early spring due to high suspended load and water velocity) and slowly rises throughout the layer 

of clay (settled slowly in the late summer through the winter due to low turbulence).  The 
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transition from clay to silt and silt to clay can be defined by the peak and valley profiles in the 

pore pressure sounding (DeJong et al, 2007). The thickness of a silt to clay ‘pair’ and clay to silt 

‘pair’ can be determined by the spacing of peak and valley features respectively. The tip 

resistance and pore pressure measurements are both dependent on the diameter of the 

penetrometer. Research on layered soils has shown that the tip resistance is affected by stronger 

or weaker layers in advance of the tip (Teh and Houlsby, 1991). Similarly as seen in Figure 2.2, 

the pore water pressures generated around the cone are a function of the strength of the soil 

defined by the Rigidity Index according to cavity expansion theory (Figure 2.2). It is theoretically 

possible that the pore pressure may have a higher resolution to locate small layering. As seen in 

Figure 2.2, the smaller plastic zone from a miniature piezocone will have a higher resolution for 

layer detection allowing for a clear indication of the peak and valley features within the layered 

deposit. If the degree of disturbance has destroyed the layering, the disturbed material can be 

taken as the remoulded zone. Thus, another strategy for the identification of disturbed regions and 

slip surfaces is to use the pore pressure response. The location of the failure surface will be the 

depth where the dynamic pore pressure, u2 transitions from the smeared response to the u2 

response in the intact layered material.  

2.3 Mud Creek site description 

Hugenholtz and Lacelle (2004) conducted a landslide inventory of the Green’s Creek valley in 

Ottawa. The inventory of aerial photographs collected over a 73 year period indicated that at least 

52 landslides have occurred along Green’s Creek and its tributary Mud Creek. The inventory of 

the Green’s Creek valley indicated that the landslides within this region were dominated by 

simple rotational slides (75%), then retrogressive rotational slides (13%), flows (8%) and 

translational slides (4%). Hugenholtz and Lacelle (2004) indicated that the majority of the 
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retrogressive slides occurred along the Mud Creek valley with the largest slide having 28, 000 m
3
 

of displaced soil. The landslides along the banks of Mud Creek have not retrogressed as far as 

other historical landslides in Champlain Sea Clay such as the 520, 000 m
3
 landslide in Saint-Jude 

(MTQ, 2011), and the 207 x 10
6
 m

3  
slide in Saint-Jean-Vianney (Tavenas et al, 1971). According 

to Mitchell (1978) the extent of retrogression correlates to the height of the slope. At Mud Creek, 

the valley depth is only 10 m compared to the 20 m slope at Saint-Jude and the 30 m to 45 m 

slopes at Saint-Jean-Vianney. Thus, according to the empirical model developed by Mitchell 

(1978), Mud Creek will have much smaller retrogressive distances assuming similar undrained 

shear strength properties at each site. However, an unusual retrogressive behaviour within the 

Green`s Creek Valley (includes Mud Creek) was “that some landslides incurred retrogressive 

failures for several years-to-decades after the initial landslide,” (Hugenholtz and Lacelle, 2004) 

instead of several hours to several days exhibited by the more renowned landslides in Champlain 

Sea Clay (e.g. Saint-Jean Vianney and Saint-Jude). As the prolonged retrogressive behaviour is 

still not fully understood, Mud Creek within the Green’s Creek valley was selected for further 

investigation (Figure 2.1).  

In 2008 a small section of Mud Creek between Chemin-Innes Rd and its crossing at Renaud Rd 

was investigated to indicate an area of active landslide movement. The inventory of active 

landslide zones along this section indicated that the field study area shown in Figure 2.1 would 

have the potential for future sliding. The field study area resides along the outside bend of the 

meandering creek. The 11 m high slope resembled a potential movement and landslide activity 

with approximately a 1 m high scarp that was parallel and set back approximately 30 m upslope 

(south) of the creek. Distress was observed by large tension cracks north of the scarp and local toe 

failures caused by the creek erosion. Foster et al (2011) indicated that this site was bounded by 

two previous landslide scars indicating the potential instability of this region. The field study area 
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was confined to a 75 m long by 35 m wide area and was monitored by Queen’s University since 

2008 using aerial photogrammetry and various surveying methods (e.g. total station and Global 

Positioning System (GPS)) (Foster et al, 2011). The coordinate system used was UTM NAD83 

Zone 18N. 

The landslides were mapped using aerial photogrammetry by obtaining high resolution images 

from an Unmanned Aerial Vehicle (UAV) or tethered blimp to create a 3D representation of the 

surface terrain (i.e. Digital Elevation Model (DEM)). Multiple high resolution images of the 

landslide surface were captured with a Canon DSLR camera (Canon 5D Mark III and Canon EF 

50mm lens) at an altitude of 40 m. With sufficient overlap between consecutive images, covering 

the entire site, a high density 3D point cloud can be generated. An orthophoto of the field site 

shown in Figure 2.5 was rendered using the overlapping high resolution aerial images. 

The evolution of landslide activity between 2011 and 2013 is indicated on the field site 

orthophoto in Figure 2.5. Prior to the 2012 landslide, the landslide activity was suspended, 

experiencing minimal displacement and minor local failures near the toe due to erosion. In March 

2012 the first landslide occurred since monitoring took place in 2008. The failure resembled a 

rotational landslide with a failure scarp that extended approximately 20 m from the toe and was 

13 m wide. The failure debris slid across the creek and redirected the meandering river as it 

incised a new path through the material. A significant portion of the failure debris washed down 

the creek upon sliding and was slowly exposed to weathering and river erosion. Approximately 

one year later, a second landslide occurred on April 10, 2013 as the 2012 failure scarp 

retrogressed another 10 m until reaching the scarp. The 2013 scarp had a steep inclination of 

approximately 60 degrees. Therefore, the periodic sliding that occurred at the field study area 
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proved to be a good case study for site investigation of a retrogressive landslide using cone 

penetration testing. 

2.4 Experimental Methodology 

2.4.1 Cone penetration testing programs in 2012 and 2013 

Cone penetration testing was completed in August 2012 and May 2013 in collaboration with 

ConeTec Site Investigation. The 2012 program was initiated to indicate the general stratigraphy at 

the field site and confirm the existence of bands and varves within Champlain Sea Clay. The 

effects of varying cone diameter on the measured tip resistance, sleeve friction and pore pressure, 

was evaluated using a 2cm
2
, 5cm

2
, 10cm

2
 and 15cm

2
 cone. An initial assessment of using a 2cm

2
 

piezocone was initiated to evaluate the performance in detecting the bands and varves in 

Champlain Sea Clay. Cone penetration testing was performed with the 5cm
2
 cone along the field 

site in order to identify the remoulded and intact layers for slip surface detection.  The 2013 

program was initiated to determine the strength properties surrounding the 2013 landslide scar 

and to determine the location of the remoulded and intact layers for slip surface detection. Upon 

the initial investigation in 2012, it was evident that obtaining an ideally saturated miniature 

piezocone was quite difficult due to the fast dissipation rates of the smaller plastic zone defined 

by cavity expansion theory. DeJong et al (2007) indicated that saturation was crucial in obtaining 

accurate pore pressure soundings required to detect varves in sensitive clays. An experimental 

field study performed in the 2013 investigation further demonstrated the importance of saturation 

in detecting bands and varves in Champlain Sea Clay.  

Detailed information of each cone penetration test discussed in this chapter is outlined in Table 

2.1. The locations of each cone penetration test in Table 2.1 are highlighted in Figure 2.5 on the 

2013 orthophoto. Records of all cone penetration tests can be found in Appendix A. CPT12-01 
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was the first test in 2012 using a 10cm
2
 CPTu cone and was penetrated according to ASTM 

standards (2 cm/s) and readings were sampled every 5 cm. This test was an initial assessment in 

evaluating the typical stratigraphy along Mud Creek. CPT12-02 was pushed near CPT12-01with 

a 10 cm
2
 CPTu cone at a modified rate of 0.5 cm/s in order to assess the repeatability of the 

soundings with a variable penetration rate. The preliminary results of DeJong et al (2003) 

demonstrated that a penetration rate slower than the standard 2 cm/s would improve the resolution 

of the peak and valley features of the layers. CPT13-09 was used to demonstrate the importance 

of the sampling interval described by DeJong et al (2007) in order to detect bands and varves in 

Champlain Sea Clay. The effects of a variable cone diameter on the repeatability of the soundings 

were investigated using penetration results from the 2 cm
2
 (CPT13-03), 5 cm

2
 (CPT13-09), 10 

cm
2
 (CPT12-02) and 15 cm

2
 (CPT13-11) penetrometers.  The cone penetration results along the 

field site at CPT13-01, CPT13-02, CPT13-04, CPT13-06, CPT13-08 and CPT13-09 were used to 

approximate the inclination of the bedding and to infer the strength profile of the intact and 

remoulded zones. The CPT soundings in the remoulded zones were compared to the CPT 

soundings in the intact clay in order to infer the slip surface location of the landslide. The slip 

surface detection methods using the total corrected tip resistance (qt - σv) and dynamic pore water 

pressure (u2) were compared to evaluate the relative performance of each technique. The 2012 

slip surface was inferred by comparing CPT12-05 in the intact clay and CPT13-08 in the 

remoulded zone north of the scarp. The 2013 slip surface was inferred by comparing CPT13-04 

within the intact clay and CPT13-06 within the remoulded deposit north of the scarp. 

2.4.2 Cone Information 

ConeTec Site Investigations provided a 2 cm
2
 piezocone (pore pressure only), 5 cm

2
 and 10 cm

2
 

CPTu, and 10 cm
2
 and 15 cm

2
 seismic piezocones (SCPTu). The dimensions of each cone are 
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compared in Figure 2.6. The 15 cm
2
 and 10 cm

2
 CPTu cones in Figure 2.6a and Figure 2.6b 

respectively are the most typical probes used in cone penetration testing investigations. These 

cones have a filter located at the shoulder (u2) to correct the tip resistance from the effects of 

pressures at the joints (Mayne, 2009). In addition to the tip resistance (qc) and sleeve friction (fs) 

transducers, the 10 cm
2
 and 15 cm

2
 can additionally be equipped with other common sensors (e.g. 

electrical resistivity/conductivity (RCPTu), geophones (SCPTu), temperature etc.). The 5 cm
2
 

probe in Figure 2.6c used in the site investigation was the smallest cone available from ConeTec 

Site Investigations that could log pore pressure in addition to tip resistance and sleeve friction. 

The porous polymer filter for the 5 cm
2
 cone was also located in the u2 position (Mayne, 2009). 

The 2 cm
2 

piezocone in Figure 2.6d was developed by ConeTec Site Investigation to improve the 

resolution of the dynamic pore pressure response for stratigraphic profiling of thin layers. The 

piezocone does not record tip resistance or sleeve friction due to the size constraints of the 

electrical housing within the probe. Similar miniature piezocones have been developed to locate 

thin layers in highly stratified deposits (e.g. Hird et al, 2003; DeJong et al, 2003; and DeJong et 

al, 2007). However, the extension length before the tapered friction reducer must be long enough 

to ensure the excess pore pressures generated from soil deformation at the tapered section does 

not influence the u2 measurements (Whittle et al, 2001). DeJong et al (2007) observed an 

extension length equal to about two cone diameters was sufficient to avoid the effects from the 

tapered section. The probe length before the tapered section in Figure 2.6d was a sufficient length 

of 305 mm (19 times larger than the diameter). The filter on the piezocone was a stainless steel 

porous filter located at the u2 filter position. All cones used in this site investigation had a 

standard tip angle of 60 degrees. 
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2.4.3 Cone penetration testing penetration rate 

The penetration rate during cone penetration testing has been shown to influence the pore 

pressure during penetration (DeJong et al, 2003). DeJong et al (2003) hypothesized that a 

penetration rate slower than the standard rate of 2 cm/s may increase the definition of the peak 

and valley features of alternating layers in the pore pressure response. However, if the penetration 

rate was too slow then dissipation may occur during penetration, altering the pore pressure 

profile. A 10 cm
2
 CPTu penetrated at 2 cm/s (CPT12-01) and 0.5 cm/s (CPT12-02) are compared 

in Figure 2.7. The results from the 2 cm/s and 0.5 cm/s soundings demonstrate that this difference 

in penetration rate did not have a large effect on the magnitude of the parameters indicated in 

Figure 2.7. Since DeJong et al (2003) suggested that the lower penetration rate would increase the 

amplitude of the peak and valley features, a slower penetration rate of 0.5 cm/s was adopted in 

this investigation. 

The stratigraphy was divided into four main units above the bedrock using the cone penetration 

strength profiles in Figure 2.7: the surficial crust (Unit A), the upper clay (Unit B), the lower clay 

(Unit C) and the till deposit (Unit D). Each layer will be discussed in further detail in the results.  

2.4.4 Cone penetration testing sampling interval 

Cone penetration testing standards suggest a sampling interval of 20 mm – 200 mm (ASTM 

D5778 – 12). However, Lunne et al (1997) proposed that the maximum sampling interval 

specified was too large for detecting thin varves in sensitive clays. DeJong et al (2007) 

recommended that a sampling interval of 1/5
th
 to 1/10

th
 of the smallest expected layers should be 

adopted to avoid missing layers thinner than anticipated. At Mud Creek, the smallest layers are 

within the lower varved clay unit and are approximately 3 mm thick. These layers were observed 

in a sample of varved clay that was obtained on the exposed creek banks of Mud Creek due to 
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erosion shown in Figure 2.8. According to the suggested sampling interval by DeJong et al 

(2007), measurements at Mud Creek should be taken every 0.3 mm to 0.6 mm corresponding to a 

frequency range between 16.7 Hz and 8.3 Hz at a penetration rate of 0.5 cm/s.  

The effect of the sampling interval on stratigraphic profiling was analyzed in Figure 2.9 using a 1 

m section from CPT13-09. A larger frequency than suggested by DeJong et al (2007) was set to 

200 Hz (sampling interval of 0.025 mm for a push at 0.5 cm/s). This would ensure there was no 

loss in layering detail during testing. The pore pressure sounding from CPT13-09 in Figure 2.9a 

indicates the typical results with a sampling frequency of 200 Hz. The cone penetration tests 

performed during the 2012 investigation were sampled at rate significantly higher than required 

and adequately captured the bands and varves in the Champlain Sea Clay. However, the large 

data files make this an impractical approach for post processing the data. The sampling interval 

resampled every 2.5 cm in Figure 2.9b (similar to the 2012 investigation) demonstrated that the 

pore pressure response could not locate the layering within the clay. Therefore measurement were 

taken every 1 mm (1/3 of smallest anticipated layer) indicated in Figure 2.9c in order to 

adequately locate layers as thin as 3 mm.  

2.5 Results 

2.5.1 Effects of cone size on the repeatability of cone penetration soundings 

Cone size effects in relatively homogenous deposits or layered units that are sufficiently thicker 

than the cone diameter are typically minimal. However, in highly stratified deposits such as 

Champlain Sea Clay, scale effects would be expected (Hird and Springman, 2006). Thus, cone 

penetration testing was performed with the 2 cm
2
, 5 cm

2
, 10 cm

2
 and 15 cm

2
 cones in order to 

evaluate the effects of the varying cone area on the measured parameters: cone tip resistance, qc, 

sleeve friction, fs and dynamic u2. The effects of a change in cone diameter on the corrected total 
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tip resistance, qt, sleeve friction and u2 response are shown in Figure 2.10 between the 2 cm
2
 

(CPT13-03), 5 cm
2
 (CPT13-09), 10 cm

2
 (CPT12-02), and 15 cm

2 
(CPT13-12) penetrometers.   

The corrected total tip resistance between the four cone sizes was very comparable; however the 

sleeve friction and u2 response was not as consistent. Prior to using each cone penetrometer in the 

field, it has to be calibrated to check for the effects of imbalanced hydrostatic forces on the load 

tests, thermal tests and mechanical tests (ASTM D5778−12). The voltage output of each sensor is 

affected by a change in temperature during field testing, thus the raw data from each push must be 

corrected during post processing. A temperature check was performed in the laboratory to 

determine the temperature shift (Volts/degrees C) of each probe transducer for the post 

processing correction. Parameters in Figure 2.10 have been corrected for the change in 

temperature during field testing. The tip resistance and sleeve friction are also affected by an 

additional pressure that is applied at the joints due to the dynamic pore pressures that develop 

during penetration. The tip resistance, qc can be corrected for the effects of the pressures at the 

joints, termed the corrected total cone tip resistance, qt
 
(Mayne, 2009): 

        (      )   (2.3) 

where anet is the net area ratio of the cone tip. The anet for cones used in this study is 0.8. This 

correction factor has been applied and the corrected total tip resistance is shown in Figure 2.10a.  

Ideally, the sleeve friction should be corrected to a total sleeve friction; however this requires 

having filters at the shoulder (u2 position) and behind the sleeve (u3 position) to account for the 

additional pressure at the joint. This approach is not typically used in practice as it is impractical 

for production testing (Mayne, 2007) and was therefore not adopted in this site investigation. The 

sleeve friction is typically quite low in Champlain Sea Clay (10 kPa) and errors in the datum prior 
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to testing and pressures at the cone joints during penetration will influence the sleeve friction 

sounding (Hird and Springman, 2006). Additionally, the thickness of the saturated porous 

polymer filters can vary slightly and over tightening the cone tip can apply an initial pressure at 

the joints before cone penetration testing. The porous polymer filter selected should be within the 

error tolerance so that the pinching of the other sensors is minimal. Hird and Springman (2006) 

demonstrated by using a filter in the u3 position, the sleeve friction could be corrected to be more 

consistent between a varying cone size. 

The magnitude of pore pressure response increases with a larger cone area as seen in Figure 

2.10c.  The u2 magnitude decreases slightly between the 15 cm
2
, 10 cm

2
 and 5 cm

2
 CPTu cones. 

However, the 2 cm
2
 cone outputs a significantly lower u2 response. Following strict saturation 

procedures, the 2 cm
2
 piezocone was typically only partially saturated before penetration due to 

the quicker dissipation rates of the filter. This was evident in Figure 2.10c as the piezocone does 

not respond to the layering until a depth much greater than the larger cones.  

A magnified section of the u2 profile in Figure 2.10c, between an elevation of 55 m and 56 m was 

analyzed in Figure 2.11. According to cavity expansion theory, Equation 2.1 implies that a 

smaller diameter cone will have a faster dissipation rate and will generate less pore pressure 

response due to the plastic disturbance of a smaller volume of soil. The 2 cm
2
 cone dissipates 

rapidly at every short rod break (i.e. location where an additional rod was added for the next 

push) resulting in the slight lag time of the u2 response. This rapid dissipation is highlighted at 

55.25 m in Figure 2.11.  Additionally, Hird et al (2003) showed that an increase in cone diameter 

will decrease the pore pressure resolution due to an averaging effect from a larger area of soil 

being within the shear zone.  Hird and Springman (2006) experimentally demonstrated that a 5 

cm
2
 cone provided a higher pore pressure response than the 10 cm

2
 penetrometer required to 
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detect layers 2 mm to 4 mm thick. As seen in Figure 2.11, the magnitude of the peaks and valleys 

were significantly dampened for the 10 cm
2
 and 15 cm

2
 cones. The larger zone of influence of the 

larger penetrometers reduces the definition of the peak and valley features making it difficult to 

detect individual sequences of the layered material.   

The magnitude of the excess u2 pressures generated by cone penetration testing is expressed as a 

mean over the 1 m elevation for the four cone sizes shown in Figure 2.12. According to spherical 

cavity expansion theory, the cone diameter is proportional to the magnitude of the excess pore 

water pressure generated during penetration and dissipation testing (Powell and Quarterman, 

1988).  An increasing cone diameter would expand the plastic zone from the cone axis and 

generate higher excess pore water pressures during penetration. The mean generated excess pore 

water pressures between 55 m and 56 m in Figure 2.12 suggests that the response of using a 

smaller cone diameter is non-linear.  As the cone size increases, the excess pore pressures would 

reach a critical point in which cone size no longer affects the magnitude of generated pore water 

pressure during penetration. Hird and Springman (2006) indicated that the magnitude in pore 

pressures generated was relatively similar between the 5 cm
2
 and 10 cm

2 
penetrometers 

suggesting that cones larger than 5 cm
2
 had minimal effects on the magnitude of excess pore 

pressures. The findings by Hird and Springman (2006) are fairly consistent with the comparison 

of scale effects in Figure 2.12, in which the magnitude of generated excess pore pressures are 

fairly consistent after a cone area of 5cm
2
. 

2.5.2 Cone penetrometer saturation for cone penetration testing 

Proper saturation of the cone penetrometer was important in order to provide an effective 

hydraulic connection between the pore pressure transducer diaphragm and clay pore water. The 

saturation reservoir behind the cone tip needs to be filled with a nearly incompressible fluid in 
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order to avoid air bubbles entering the reservoir (DeJong et al, 2007). Typical saturation fluids 

commonly used in practice are glycerin and silicon oil as they are more effective than water in 

very dense and unsaturated soils due to the higher viscosities. Various saturation procedures are 

commonly used in practice today. The porous polymer filters were saturated in glycerin under a 

full vacuum and were submerged in the pore fluid until testing. A hypodermic needle was used to 

fill the reservoir and force the saturation fluid out of the cone tip pores. Screwing on the tip 

forced excess fluid out of the reservoir, completing the hydraulic connection between the 

transducer diaphragm and the clay pore water. 

DeJong et al (2007) experimentally demonstrated that the stratigraphic profiling of thin layers 

was highly dependent on the saturation fluid used and the ability to saturate the filter and remain 

saturated during penetration. Laboratory results indicated that glycerin took longer to saturate 

than the immiscible fluids (i.e. silicon oil) when under a full vacuum (101 kPa) and desaturated at 

a faster rate. DeJong et al (2007) indicated that a vacuum greater than 85 kPa was necessary to 

saturate the filter and could be problematic in the field. However, all filters were saturated in 

glycerin under a full vacuum in the laboratory prior to field testing at Mud Creek. This study also 

used glycerin to saturate the 5 cm
2
, 10 cm

2
 and 15 cm

2
 cones saturation reservoirs. The higher 

viscosity properties of silicon oil was required to saturate the 2 cm
2
 penetrometer as the miniature 

piezocone tended to dissipate faster as discussed in Figures 2.11. 

To demonstrate just how critical saturation was in the overall success of the investigation 

program, two cone tests were performed in close proximity; one with a poorly saturated u2 

reservoir, and a second with a saturated u2 reservoir. Using ideal saturation methods, a saturated 

penetrometer (CPT13-02) was compared to a penetrometer that was purposely partially saturated 

(CPT13-07) in Figure 2.13. The saturated and partially saturated cones in Figure 2.13a and Figure 
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2.13b respectively were pushed through the deposit using the 5 cm
2
 CPTu cone. The saturated 

cone in Figure 2.13a was saturated with glycerin using the hypodermic needle method. In order to 

avoid desaturation prior to penetration, the cone tip was submerged in a bottle filled with water. 

The CPT13-07 test in Figure 2.13b was purposely partially saturated by leaving a large air bubble 

within the saturation reservoir. Additionally, glycerin was not injected with the hypodermic 

needle into the cone tip, ensuring the cone did not have a hydraulic connection between the pore 

pressure transducer and the surrounding pore water in the clay.  

Rad and Tumay (1985) performed an experimental analysis evaluating the time response of 

saturated and partially saturated penetrometers. The study by Rad and Tumay (1985) 

demonstrated that during penetration a saturated penetrometer was capable of accurately 

responding to the generated excess pore pressures, but there was a time lag for the partially 

saturated cones. This time lag was noticed in the partially saturated penetrometer in Figure 2.13b 

as the pore pressure response was delayed compared to the saturated penetrometer in Figure 

2.13a. Therefore, the partially saturated cone was unable to identify the sequences of bands near 

the surficial crust. As the penetrometer was pushed below the water table into the saturated 

deposit, the surrounding pore water increased the saturation of the penetrometer in which the 

magnitude (i.e. low frequency content of u2 response) was correctly measured. However, the 

results reveal that the partially saturated penetrometer still does not have the same response as the 

saturated probe and was inadequate in defining the layers (i.e. high frequency content of u2 

response). 

Three one meter depth sections along the profiles in Figures 2.13a and 2.13b were selected to 

investigate the signal content (i.e. spatial frequency of the u2 response describing the transition 

between layers)  using a Fast Fourier Transform (FFT). The sections chosen for the FFT analysis 
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in Figure 2.14 to Figure 2.16 are located near the surficial crust in the upper clay (3.5 m to 4.5m), 

mid-depth in the intact upper clay (7 m to 8 m) and within the lower clay (12 m to 13 m) 

respectively. The alternating bands and varves are a high frequency response of the u2 

measurements from the penetrating cone. Thus, in order to only highlight the layering in the clay, 

the low frequency content needs to be removed from the u2 profile. A linear fit over the 1 m 

window of data shown in Figures 2.14a to 2.16a and Figures 2.14d to 2.16d was performed on 

each u2 profile measured by the penetrated cone to determine the amplitude of the u2 response 

(∆u2). Upon removing the low frequency content, the u2 amplitudes in Figures 2.14b to 2.16b and 

Figures 2.14e to 2.16e indicated that the pore pressure response for each section was significantly 

dampened for the partially saturated penetrometer soundings. The amplitude of the pore pressure 

response within the lower clay in Figure 2.16 b was less than the upper clay in Figure 2.15b for 

the saturated cone soundings. The peak to peak difference in the upper clay is approximately +/- 

50 kPa whereas the peak to peak difference is approximately +/- 25 kPa in the lower clay. The 

lower amplitude of pore pressures generating in the lower clay suggests that this unit has layers 

repeating at a higher frequency than the upper clay 

The FFT results performed on the pore pressure amplitude are shown in Figures 2.14c to 2.16c 

and Figures 2.14f to 2.16f. The power spectrums indicate that the partially saturated 

penetrometers behave as a low pass filter by removing the higher frequency layers. The power 

spectrum in Figure 2.15c was used to indicate the frequency of deposition for the banded layers in 

the upper clay. The largest power in Figure 2.15c, at a spatial frequency of 9.8 per m, indicates 

that peaks may occur every 102 mm (i.e. 1000/9.8) within the one meter interrogation window 

between 7 m and 8 m depths. According to the FFT analysis, the bands were also deposited at a 

slightly higher frequency of 64 mm as seen in Figure 2.15c. The physical meaning of the spatial 

frequency is demonstrated in Figure 2.15b. 
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2.5.3 Strength properties along Mud Creek field site 

Cone penetration testing was performed along the slope of the field study area using the 5 cm
2 

CPTu cone. The corrected total tip resistance in Figure 2.17 and the u2 response in Figure 2.18 are 

plotted along the slope profile A-A’ shown in Figure 2.5. Based off of the total tip resistance, the 

deposit at the field site was divided into four material units overlying the bedrock: surficial crust 

(Unit A), upper clay (Unit B), lower clay (Unit C), and till deposit (Unit D). 

The CPT corrected total tip resistance indicates that the surficial crust in Figure 2.17 extends 

approximately 3 m below the ground surface (mbgs) south of the scarp and approximately 2 mbgs 

along the slope at the field site. The variable corrected total tip resistance of the crust layer was 

between 280 kPa and 1900 kPa. The crust overlies an 11.5 m zone of Champlain Sea Clay that is 

mainly classified as silt to sensitive fines according to the Soil Behavior Type (SPT) charts by 

Robertson (1990) and Lunne et al (1997). The Champlain Sea Clay at Mud Creek has been 

classified as two separate units, Unit B and Unit C, due to the distinct variation in strength 

parameters. The peak undrained shear strength in soft clays is estimated using Equation 2.4. 

Typically in soft intact clays, the Nkt value will range between 10 and 20 (Lunne et al, 1997). For 

this investigation an Nkt value of 13.5 was assumed using results from MTQ (2011) and Demers 

et al (1999) and a unit weight of 18.6 kN/m
3 
was assumed. 

 
   

(   σ )

   
 

(2.4) 

Unit B was determined to be the banded layers from the pore pressure profiles. The upper clay 

was approximately 9 m thick and had an increasing undrained shear strength in the intact material 

of 40 kPa at 2.5 mbgs to 77 kPa at 12 mbgs at CPT13-09. The u2 profile of CPT13-06 in Figure 

2.18 indicates the deposit was remoulded north of the scarp to a depth of approximately 6.7 mbgs. 
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The undrained shear strength in the remoulded material ranged between 16 kPa at 2 mbgs to 33 

kPa at 6.7 mbgs. Below the slip surface at CPT13-06, the undrained shear strength in the intact 

clay ranged from 50 kPa at 8 mbgs to 73 kPa at 11.2 mbgs. 

The lower clay deposit (Unit C) was a 2.2 m thick zone composed of sensitive fines according to 

the SBT charts (Robertson 1990 and Lunne et al, 1997) and resides below the banded upper clay. 

The lower clay was a weaker zone that inclines south 2% to 2.5% from the toe of the slope. This 

weaker layer has been observed to be a varved material composed of alternating silt and clay 

layers indicated by the sample obtained from the banks of Mud Creek in Figure 2.8. The change 

in Champlain Sea Clay composition at 12 mbgs was dependent on the timing and environment of 

deposition (Fransham and Gadd, 1977). Freshwater varved clay typically located near the base of 

Champlain Sea Clay above the till deposit was first reported by Johnson (1917) and later by 

Antevs (1925) and Gadd (1962). Fransham and Gadd (1977) suggested the thin varved layers are 

an indication that glacial ice influenced the deposition of the weak layer. The distinct change in 

material properties from the upper to lower clay was noticed in all CPT soundings including 

CPT13-09 located 90 m from the toe of the slope. This may suggest that the weaker layer was an 

abrupt change in the depositional environment along the region of Mud Creek. The distinct 

transition was evident in the drop of the peak undrained shear strength to 48 kPa as the cone 

penetrates the varved unit at CPT13-09. The peak undrained shear strength increased to 65 kPa at 

13.6 mbgs and then dropped down to 25 kPa at 14.3 mbgs before entering the till deposit at 

CPT13-09.  

Underlying the Champlain Sea Clay deposit was the till deposit (Unit D) which has no 

association with the Champlain Sea Clay transgression (Fransham and Gadd, 1977). The till 

deposit was 1.5 m below the base of the valley and inclined at 2 % to 2.5% south of the creek. 
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The highly variable corrected tip resistance suggests that this unit was poorly sorted and may 

have abrupt changes in grain size altering the resistance of the penetrating cone. Therefore, the 

depth of refusal was quite variable as penetration was depended on the location of the larger 

particles within the till. The 5 cm
2
 cone indicated a refusal depth of 16.8 mbgs at CPT13-09.   

The 2013 failure surface profile along B-B’ was extrapolated to propose the location of the 

potential failure zone. Assuming the failure surface follows the weaker layer (Unit C), a rotational 

or two-wedge failure surface may have occurred at the field site shown in Figure 2.17. The acute 

angle of the two-wedge failure surface was approximately 60 degrees as seen in Figure 2.17. The 

pore pressure response from the soundings in Figure 2.18 infers a similar stratigraphy and slip 

surface location as seen in Figure 2.17.  

2.5.4 Slip surface detection methods in sensitive marine clay 

Cone penetration testing was capable of detecting the banded layers within the Champlain Sea 

Clay at high resolution using the 5 cm
2
 CPTu u2 response. The remoulded and intact layers 

identified by the high resolution u2 profiles were analyzed as a potential slip surface detection 

method. Figure 2.19 and Figure 2.20 compare whether the high resolution u2 response can be 

used as an equivalent or better method in slip surface detection than the strength method 

approach. The slip surface methods in Figure 2.19 locate the slip surface after the 2012 landslide. 

As expected, the magnitude of the pore pressure profile was much lower for CPT12-08 above the 

slip surface in the remoulded clay. According to spherical cavity expansion theory, cone 

penetration testing deforms the surrounding soil and the contractive tendencies of the structured 

material will generate excess pore pressures during penetration.  In the remoulded material, the 

probe penetrates easily through the collapsed structured material resulting in lower deformations 

around the cone tip and lower dynamic excess pore pressures. Penetrating into the intact clay 
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below the slip surface will require a higher tip resistance to break the bonds of the structured 

material resulting in a high dynamic excess pore pressure response from the large deformations. 

The strength method indicates that the slip surface was at 56.8 m whereas the pore pressure 

method suggests the slip surface was at 56.3 m. The slip surface methods were also compared 

using the CPT soundings after the 2013 landslide. The strength and pore pressure methods 

indicated a similar failure surface location at 56.8 m and 56.4 m respectively. The tip resistance 

method has indicated a distinct transition from the remoulded to intact bands. However, the pore 

pressure method suggests the slip surface was approximately 0.4 m to 0.5 m deeper than the 

location proposed with the strength technique.  The consistency between the comparison in 2012 

and 2013 suggests that there is lag in the u2 response inaccurately locating the failure surface. 

According to cavity expansion theory, the excess pore pressures generated around the cone tip are 

a function of the size of the plastic zone that develops around the cone. Cone penetration causes 

compressive plastic yielding ahead of the cone tip (Teh and Houlsby, 1991). Thus, the tip 

resistance will respond to the layers ahead of the cone tip within the plastic zone before 

penetrating. However, the cone will need to penetrate deeper below a new layer or material in 

order for the excess pore pressures to respond to the layers. This lag time is function of the size of 

the plastic zone that forms around the cone during penetration. A smaller cone will decrease the 

lag time and improve the accuracy in detecting the slip surface location using the pore pressure 

method. Since all cones were saturated, the tip resistance method has shown to be a more 

effective approach in detecting the slip surface location, as it provides an earlier response than the 

pore pressure technique. 
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2.6 Conclusions 

Cone Penetration Testing (CPT) has been used as a common in-situ method for investigating 

landslides, detecting slip surfaces and back analysing landslides within glaciomarine clays (e.g. 

Demers et al, 1999; and MTQ, 2011). Studies have shown that a miniature piezocone has been an 

effective method in detecting thin alternating layers within glaciomarine clays in order to 

characterize the stratigraphy of sensitive clay deposits. However, the miniaturization limits the 

size of the cone penetrometer’s housing containing the strain sensors and electronic wiring. In 

order to obtain the high resolution pore pressure sounding, the tip and sleeve transducers need to 

be removed from the housing of the miniature piezocone. Furthermore, Champlain Sea Clay has 

been observed to mainly consist of banded layers of clayey silt (e.g. Fransham and Gadd, 1977; 

and Locat et al, 2010). Since bands are much thicker than varves, a larger cone was used in this 

study to investigate whether the high pore pressure response could be sacrificed so that the tip and 

sleeve can also be obtained for strength profiling.  

The objective of this chapter was to determine the practicality of using the pore pressure trace of 

a larger cone penetrometer to investigate sensitive clay landslide masses, detect failure zones, 

indicate remoulded zones from the destruction of banding, and evaluate the performance of 

locating bands and varves. A 2 cm
2
 piezocone, and 5 cm

2
, 10 cm

2
 and 15 cm

2
 CPTu cones were 

all used to characterize the landslide at the selected field site along Mud Creek and to evaluate the 

effects of cone diameter on characterizing the Champlain Sea Clay deposit. The penetration rate, 

sampling interval and cone saturation was modified in order to improve the cones performance in 

detecting layered sequences. 

The preliminary findings from DeJong et al (2003) indicated that a slower sampling rate would 

improve the performance of a miniature piezocone when detecting thin varves in sensitive clays. 
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The penetration rate was investigated in this chapter and indicated that a slower sampling rate 

than the standard 2 cm/s was ideal for improving the magnitude of the peaks and valley features 

of the bands and varves in Champlain Sea Clay. For this investigation, a penetration rate of 0.5 

cm/s was chosen as it enhanced the peak and valley features without causing dissipation during 

penetration through more permeable silt layers. Additionally, the sampling interval was indicated 

as a key parameter of cone penetration testing in order to detect thin layers in sensitive clays. A 

sampling interval of 1/5
th
 to 1/10

th
 the size of the smallest layer was recommended by DeJong et 

al (2007). This investigation indicated that a sampling interval of 1 mm was sufficient in order to 

accurately profile the bands and varves in Champlain Sea Clay along Mud Creek.  

The 2 cm
2
, 5 cm

2
, 10 cm

2
 and 15 cm

2
 cones were compared in order to evaluate the repeatability 

in the CPT soundings due to a variable cone size. The testing indicated that the tip resistance and 

sleeve friction were fairly consistent between all cone sizes but the pore pressure increased non-

linearly with an increase in cone diameter. According to spherical cavity expansion, the generated 

excess pore pressures around the cone are dependent on the Rigidity Index of the soil and the 

plastic deformations that form around the cone during penetration. A larger cone will have more 

deformations due to a larger plastic region and will generate higher excess pore pressures around 

the cone tip. The plastic zone is neither spherical nor cylindrical but represents a transitional area 

between the two (Burns and Mayne, 1998). As demonstrated in the experimental study, the 

generated excess pore pressure response increased non-linearly and began to plateau at a 

maximum u2 value between the 5 cm
2
 and 15 cm

2 
cone sizes. 

Cone penetration testing was demonstrated as a very effective in-situ testing method in 

characterizing the highly stratified units of Champlain Sea Clay at Mud Creek and detecting slip 

surfaces of landslides using the tip resistance response. However, it was shown that testing can go 
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wrong if the cones and filters are improperly saturated prior to testing. A comparison between a 

saturated penetrometer and a partially saturated penetrometer indicated that the partially saturated 

penetrometer behaved as a low pass filter and dampened the amplitudes of the pore pressure 

response. If proper methods in saturating the porous polymer filters and saturation chamber are 

adopted, the saturated cone was capable of indicating the sequences of bands in Champlain Sea 

Clay using a 5cm
2
 cone but did not have the u2 resolution to locate sequences of varves within the 

lower unit. Additionally, a Fast Fourier Transform (FFT) was used to convert the pore pressure 

data into a frequency domain which allowed for a direct indication of the repetition of layer 

thicknesses throughout the banded upper material. The FFT analysis indicated that the bands in 

the upper clay repeated every 65 mm to 100 mm.  

Differentiation of the remoulded and intact bands in the upper clay was feasible using cone 

penetration testing with a 5 cm 
2 

CPTu cone. Thus, the slip surface location was inferred using 

both the shear strength method and the pore water pressure method. The strength and pore 

pressure methods suggested a slip surface location of 56.8 m and 56.4 m respectively. With 

saturated cones, the pore pressure method indicated there was a lag response of approximately 0.4 

– 0.5 m. Thus, the cone tip resistance was proven to be a better approach for slip surface detection 

as it provides an early response as the cone tip recognizes layers that are ahead of the cone tip 

within the plastic zone. 

Overall, the larger diameter cone of 5 cm
2 
has proven to be the most practical sized CPT cone for 

site characterization in Champlain Sea Clay. Even though the high pore pressure response was 

sacrificed with a slightly larger cone, the strength sensors provided practical information for 

characterizing the stratigraphy of Champlain Sea Clay and defining the slip surface location of a 

retrogressive landslide. 
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Table 2.1: Cone penetration test details 

CPT ID 
Easting  

(m) 

Northing  

(m) 

Elevation  

(m) 
Test 

Cone   

(cm2) 

Filter  

Location 

Push 

Rate  

(cm/s) 

Sampling 

Interval  

(cm) 

CPT12-01 378349 5031793 65.2 CPTu 10 u2 5 5 

CPT12-02 378344 5031792 65.3 CPTu 10 u2 2 1 

CPT12-05 378359 5031797 65.0 CPTu 5 u2 0.5 2.5 

CPT12-08 378351 5031815 63.8 CPTu 5 u2 0.5 2.5 

CPT12-10 378352 5031809 65.0 CPTu 5 u2 0.5 2.5 

CPT13-01 378348 5031795 65.1 CPTu 5 u2 0.5 0.1 

CPT13-02 378347 5031802 65.0 CPTu 5 u2 0.5 0.1 

CPT13-03 378347 5031803 65.0 PCPT 2 u2 0.5 0.1 

CPT13-04 378347 5031808 64.9 CPTu 5 u2 0.5 0.1 

CPT13-06 378343 5031817 63.2 CPTu 5 u2 0.5 0.1 

CPT13-07 378348 5031802 65.0 CPTu 5 u2 0.5 0.1 

CPT13-08 378350 5031853 53.7 CPTu 5 u2 0.5 0.1 

CPT13-09 378365 5031763 65.4 CPTu 5 u2 0.5 0.1 

CPT13-10 378349 5031802 65.0 SCPTu 10 u2 2 5 

CPT13-12 378350 5031803 65.0 SCPTu 15 u2 2 5 
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Figure 2.1: Location of field site along Mud Creek. 
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Figure 2.2: The zone affected by cone penetration testing (adapted from Burns and Mayne 

1998).The plastic zone formed around the cone is a function of the diameter, d and the 

rigidity index, Ir of the surrounding soil. Excess pore pressures generated at the shoulder 

only occur within the yield contour designated by diameter D. The zone is neither spherical 

nor cylindrical.
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Figure 2.3: Data from Ministry of Transportation of Quebec report on Saint-Jude landslide 

outlining slip surface detection strength method from cone penetration testing (MTQ, 2011). 
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Figure 2.4: A 0.2 cm
2
 piezocone profile from DeJong et al (2007) outlining the typical varves 

seen in sensitive marine clay deposits. The peak and valley features are the transitions from 

clay to silt and silt to clay respectively. An individual varve is defined as a silt and clay 

‘pair’.
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Figure 2.5: Orthophoto of April 2013 failure, highlighting the progression of failure from 2011 to 2013. Cone penetration testing locations 

from August 2012 and May 2013 are highlighted. A local coordinate system is set with the zero axes near the tree line. 
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Figure 2.6: Difference in dimensions of cone penetrometers used for site investigation. The 2 cm
2
 cone measured pore pressure only 

whereas the 5 cm
2
, 10 cm

2
 and 15 cm

2
 cones all had tip, sleeve and pore pressure sensors.



 

 

46 

 

Figure 2.7: General stratigraphy at field site and the effects of penetration rate on total cone tip resistance, qt, sleeve friction, fs, and pore 

pressure, u2  between 10 cm
2
 CPTu tests CPT12-01 (2cm/s) and CPT12-02 (0.5cm/s). 
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Figure 2.8: Sample of lower varved clayey silt unit obtained from eroded river bands near 

the field site.
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Figure 2.9: Cone penetration test CPT13-09 sampled at a a) frequency of 200 Hz and 

modified to a sampling interval of b) 25 mm and c) 1 mm to demonstrate the effects of 

sampling interval on detecting varves and bands in Champlain Sea Clay. 



 

 

49 

 

Figure 2.10: Effects on cone penetration soundings due to a variable cone size area between 

the 2 cm
2
 (CPT13-03), 5 cm

2
 (CPT13-09), 10 cm

2
 (CPT12-02) and 15 cm

2
 (CPT13-12) 

penetrometers. 

.
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Figure 2.11: Zoomed in pore pressure profile of Figure 2.10c comparing the difference in 

pore pressure response between CPT13-03 (2cm
2
), CPT13-09 (5cm

2
), CPT12-02 (10cm

2
) and 

CPT13-12 (15cm
2
).  

 

 

Figure 2.12: Non-linear relationship between mean generated excess pore pressure and cone 

diameter between an elevation of 55 m and 56 m shown in Figure 2.11. 
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Figure 2.13: CPTu data from 2013 investigation comparing the properly saturated test 

(CPT13-02) and the purposely desaturated test (CPT13-07). A Fast Fourier Transform 

(FFT) is performed at section depths a) 3.5 m - 4.5 m (Fig. 2.14) b) 7 m - 8 m (Fig.2.15) and 

c) 12 m - 13 m and 11.8 m - 12.8 m (Figure 2.16) for the saturated and partially saturated 

data respectively.
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Figure 2.14: FFT1 comparison between a) saturated (CPT12-02) and d) partially saturated (CPT13-07) data between 3.5 m and 4.5 m. 

Frequency domain of c) saturated and f) partially saturated data from FFT was performed on pore pressure amplitude shown in b) and e) 

respectively. 
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Figure 2.15: FFT2 comparison between a) saturated (CPT12-02) and d) partially saturated (CPT13-07) data between 7 m and 8 m. 

Frequency domain of c) saturated and f) partially saturated data from FFT was performed on pore pressure amplitude shown in b) and e) 

respectively. 
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Figure 2.16: FFT3 comparison between a) saturated (CPT12-02) and d) partially saturated (CPT13-07) data between 12 m and 13 m and 

11.8 m and 12.8 m respectively. Frequency domain of c) saturated and f) partially saturated data from FFT was performed on pore 

pressure amplitude shown in b) and e) respectively.
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Figure 2.17: Cone penetration soundings of corrected total tip resistance, qt during 2013 site investigation using the 5 cm
2
 CPTu cone are 

outlined along the slope profiles A-A’ and B-B’ highlighted in Figure 2.5. The general stratigraphy and possible slip surface locations are 

proposed. Tip resistance truncated in till for clarity. Vertical scale exaggerated by a factor of 2.
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Figure 2.18: Cone penetration soundings of pore water pressure head, u2 during 2013 site investigation using the 5 cm
2
 CPTu cone are 

outlined along the slope profiles A-A’ and B-B’ highlighted in Figure 2.5. The general stratigraphy and possible slip surfaces are 

proposed. Vertical scale exaggerated by a factor of 2.
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Figure 2.19: Comparing methods in detecting the slip surface location after the 2012 

landslide using a) strength parameters and b) u2. CPT12-05 and CPT12-08 are within the 

intact and disturbed clay respectively.
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Figure 2.20: Comparing methods in detecting the slip surface location after the 2013 

landslide using a) strength parameters and b) u2. CPT13-04 and CPT13-06 are within the 

intact and disturbed clay respectively 
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Chapter 3 

Long term hydrogeological monitoring program at Mud Creek, Ottawa 

3.1 Introduction 

The sensitive clay river banks of Green’s Creek and its tributary Mud Creek in Ottawa are highly 

active landslide regions within the Champlain Sea Clay marine deposit. Champlain Sea Clay, also 

known as Leda Clay, was deposited between 12,500 and 10,000 BP during the Champlain Sea 

marine transgression and regression (Quigley, 1980). During the retreat of the Laurentide ice 

sheet in Eastern Canada, the glaciers left behind a till layer overlying the bedrock. This till 

composition is highly variable throughout the Champlain Sea limits and may consist of silt, sand, 

gravel, and occasional cobbles and blocks. This layer is typically more permeable (100 to 1000 

times greater) than the overlying intact Champlain Sea Clay (Lefebvre, 1986). Upon the 

regression, isostatic rebound caused the clay deposits to rise above sea level and river valleys 

formed as the major watersheds began to incise new paths throughout the Champlain Sea Clay 

deposit. The clay surface throughout Eastern Canada has been exposed to weathering agents such 

as oxidation, desiccation and frost action, which have typically altered the properties of the 

surficial layer. The surficial crust is typically 3 m in depth and has a lower water content, 

sensitivity and a higher undrained shear strength than the lower clay unit. Similar to the till 

deposit, the permeability is much larger in the surficial crust (100 to 1000 times greater) than the 

intact material, which greatly influences the ground water regime (Lefebvre, 1986). 

Champlain Sea Clay is notorious for its sensitivity and susceptibility to landslides due to the 

highly brittle structure.  In this context, sensitivity is defined as the ratio between the undisturbed 

shear strength and the remoulded shear strength. Champlain Sea Clay is a brittle structured 
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material which is able to maintain its undisturbed shear strength at water contents higher than its 

liquid limit. However, shearing may cause destruction of the structured material generating 

significant excess pore water pressures, deviatoric strain softening, and flow sliding due to the 

contractive tendencies of the structured material. 

The pore pressure distribution throughout the clayey silt deposit is crucial in assessing the 

stability of the slopes and the potential causes and triggers of sliding within an effective stress 

framework.  Using historical daily weather records from Environment Canada, Gauthier et al 

(2012) investigated the effects of cumulative precipitation and depth of snow on the ground prior 

to various sliding events in Eastern Canada glaciomarine clays. The study concluded there was no 

evident precipitation threshold required to cause landslides in sensitive glaciomarine clays, and 

rather a more complex combination of pre-conditions were necessary to cause failure. Snowmelt 

and the timing of frost and thaw correlated to a steady supply of surface waters to the slope 

initiating landslides in glaciomarine clays (Gauthier et al, 2012). 

In addition to seasonal variation in precipitation, the ground water regime will be defined by the 

stratigraphy (i.e. till and crust layers), the boundary conditions (i.e. creek flow and regional 

ground water variation) and the material properties (i.e. permeability and degree of anisotropy). 

Lefebvre (1986) developed a model explaining the various stages of valley formation in 

Champlain Sea Clay. A schematic based on this work as adapted by Hugenholtz and Lacelle 

(2004) is shown in Figure 3.1 and outlines the model of landsliding and valley development. This 

model was developed from the finite element analysis by Lafleur et al (1980). Lefebvre (1986) 

chose to divide the model of valley formation into early, intermediate and late phases. The three 

stages indicate the change in the ground water regime as the river valley deepens and the distance 

between the bottom of the river bed and the lower till deposit decreases. In the early phase 
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(Figure 3.1a), the river valley bed is well above the lower aquifer (typically till or fractured 

bedrock). The gradients are low, with a slight downward gradient at the crest and a slight upward 

gradient at the toe. During this stage, the river valley is susceptible to widening due to the highly 

weathered material on the banks from stream flow and minor local failures. The influence of the 

lower permeable boundary on the ground water regime increases as the valley deepens. This 

valley deepening defines the intermediate phase. The downward gradients behind the slope and 

the upward gradients at the toe increase as the valley bottom approaches the lower till. The 

upward groundwater gradient at the toe (artesian conditions) has an influence on slope stability 

and causes deep landslides. Artesian conditions along glaciomarine clay river valleys was noticed 

at previous landslide sites (e.g. Saint-Jude 2010), decreasing the stability and evidently being a 

major pre condition for failure (MTQ, 2011). In the third and final stage, the bottom of the river 

valley reaches the permeable boundary allowing for direct discharge into the river. In this case, 

there is a strong downward gradient into the till deposit benefiting the stability of the slope. Over 

time, a weathered crust will begin to develop at the surface of the slope increasing the strength of 

the deposit (Lefebvre 1986). 

According to the Lefebvre (1986) model, the banks along Mud Creek are currently in the early to 

intermediate stage of valley development and will likely remain in this phase for the next several 

decades due to the low incision rates. However, the Green’s Creek valley has variable bedrock 

depths along the creek. In some regions of the upper reach the till deposit has been exposed 

suggesting the valley is at a later stage in the valley formation model. Since Mud Creek is still in 

the early to intermediate stage of valley development, this site proved to be an excellent case to 

observe hydrogeological conditions of a changing valley. In order to further comprehend the 

landslide behaviour of Champlain Sea Clay along Mud Creek, a long term monitoring program 

was initiated in 2008. This site investigation takes place along a section of Mud Creek, termed 
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field site in Figure 3.2 in which a progressive failure has been monitored by Queen’s University 

since 2008 using aerial photogrammetry, and surveying methods (Foster and Take, 2011). An in 

situ site investigation conducted in 2012 and 2013 consisted of Cone Penetration Testing (CPT) 

and hydrogeological monitoring methods.  

The objective of this chapter is to describe the initiation of the long term monitoring program and 

to report preliminary conclusions on the currently logged pore pressure data, the typical ground 

water regime, and the effects of seasonal variations on the pore pressure distribution prior to a 

retrogressive landslide along Mud Creek.  

3.2 Mud Creek experimental field site 

3.2.1 Progression of landslide at experimental field site 

Hugenholtz and Lacelle (2004) conducted a landslide inventory of the Green’s Creek valley 

located east of Ottawa. The inventory of aerial photographs collected over a 73 year period 

indicated that at least 52 landslides have occurred along Green’s Creek and its tributary, Mud 

Creek. Mud Creek is the small tributary flowing east-to-west into the larger Green’s Creek, a 

main drainage route for the Mer Bleue Bog as seen in Figure 3.2. As the data has shown that Mud 

Creek has been a very active landslide valley, a small section termed field site in Figure 3.2 was 

selected for further investigation.  

The field study area resides along the outside bend of the meandering Mud Creek and has been 

monitored by Queen’s University from 2008 using aerial photogrammetry and other surveying 

methods such as total station and GPS.  Bare earth high density point cloud data was provided by 

the National Capital Commission (NCC) from a Light Detection and Ranging Survey (LIDAR) 

that was completed in 2006. 
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The landslides were mapped using aerial photogrammetry; high resolution images were obtained 

from an Unmanned Aerial Vehicle (UAV) or tethered blimp to create a 3D representation of the 

surface terrain (i.e. Digital Elevation Model or DEM). Multiple high resolution images of the 

landslide surface were captured with a Canon DSLR camera (Canon 5D Mark III and Canon EF 

50mm lens) at an altitude of 40 m. With sufficient overlap between consecutive images, covering 

the entire site, a high density 3D point cloud can be generated. An orthophoto of the field site, 

shown in Figure 3.3, was stitched together using the overlapping high resolution aerial images. 

One meter long 10M rebar stakes with rebar caps were embedded into the ground in a grid 

formation on the field site to act as ground control points (GCPs) for the photogrammetry 

analysis (Foster and Take, 2011). A GCP is a reference point of known spatial coordinates during 

the photo session. At the field site, four rebar stakes were encased in concrete during installation 

to minimize movement, creating a consistent spatial coordinate system between surveys (Foster 

and Take, 2011). The GCPs have been surveyed since 2008 using a total station and differential 

GPS in order to geo-reference the point cloud generated from the photogrammetry analysis and to 

monitor the displacements over time along the slope.  

The historical DEMs of the field site are outlined in Figure 3.4. Isometric views of the meshed 

surfaces are provided for the 2006 LIDAR survey and photogrammetry surveys in 2011, 2012 

and 2013. Field observations of the field study area suggests the slope is deforming and 

experiencing undercutting at the toe from the outer bend of the 1.5 m to 2 m wide meandering 

creek. Undercutting has caused minor local failures near the toe, progressively reducing the slope 

stability.  The shallow 0.3 m to 0.6 m depth stream has significantly eroded the toe causing 

distress that is observed in the field by the large tension cracks near the 1 m high scarp. The scarp 

parallel to the creek is set back 30 m from the creek.  The site is bounded between two previous 

failures as seen by the surface scars in Figure 3.4a of the isometric LIDAR DEM. The study area 



 

 

64 

is approximately 75 m long and 35 m wide.  Besides the minor undercutting causing small local 

failures near the toe in Figure 3.4b, minimal movement was noticed between the years of 2008 to 

2011. As indicated by Potvin et al (2013), movement between 2008 and 2011 occurred north of 

the scarp and progressed up to 0.5 m near the toe. The undercutting caused small local failures 

that are visible in Figure 3.4b of the 2011 DEM.  During March 2012, the first landslide occurred 

since monitoring started in 2008 and is shown in Figure 3.4c. This failure resembled a flow slide 

in which the debris slid out of the failure bowl and down the narrow creek. The 2012 failure scarp 

extended approximately 20 m from the toe and was 13 m wide. The failure debris slid across the 

creek and redirected the meandering river as it incised a new path through the material. A 

significant portion of the failure debris washed down the creek upon failure and was slowly 

exposed to weathering and river erosion. Approximately one year later, a second failure occurred 

on April 10, 2013. The 2012 failure scarp retrogressed approximately another 10 m until reaching 

the scarp. The 2013 scarp had an inclination of approximately 60 degrees at the scarp and now 

extends approximately 30 m from the toe of the creek.  

Three GCP are highlighted in Figure 3.3 to provide a general description of the three dimensional 

ground movements at the field site. Very little movement was observed at the site between the 

time of installation (2008) and the March 2012 landslide (Figure 3.5a). Inside the scarp, GCP3 

located between the failure scar and scarp displaced approximately 30 cm as seen in Figure 3.5a 

since 2009. The progression of the slope in April 2013 caused significant slope movements by the 

northwest flank near GCP2 and minor displacements near the scarp at GCP1. This suggests that 

the current failure scar may widen due to a landslide along the northwest flank and retrogress 

south of the scarp. The minimal displacements prior to the March 2012 landslide in Figure 3.5a, 

suggests that the 2012 and 2013 landslides may have been triggered by a factor that was not 

present during the time the slope was in a suspended state. As erosion rates were defined by 
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Foster (2011) to be fairly slow at 1 m/year, significant erosion immediately before each failure 

was deemed insignificant for triggering these events. Thus, the historical seasonal weather 

records within this region were investigated in order to determine whether peak weather 

conditions triggered sliding.  

3.2.2 Historical Weather Data 

The historical weather records for the field site were obtained from the Environment Canada (EC) 

National Climate Data and Information Archive. The weather stations used for this analysis were 

chosen for their extensive records and close proximity to the field site. The station closest to the 

field site with detailed weather records was at the MacDonald-Cartier International Airport in 

Ottawa (YOW, EC ID: 6106000). The station exists 14.6 km SW of the field site and has 

meteorological records from 1938 to 2011. The Ottawa International Airport weather station 

(YOW, EC ID: 6106001) was required to obtain meteorological records from 2011 to 2013. This 

station is 15.0 km SW of the landslide investigation area. The total rainfall (mm), snow on the 

ground (cm) and almanac extremes of the snow height on the ground are obtained from these 

weather stations. 

The total snow on the ground from 2009 to 2013 is compared with the maximum snow levels 

recorded at the MacDonald-Cartier International Airport between 1938 and 2011 in Figure 3.5b. 

The total rainfall (mm) is shown in Figure 3.5c. The snow on the ground data in Figure 3.5b 

concludes that during the winter seasons in 2011 to 2012 there were no record snow conditions 

compared to the years prior. There were record snow depths in early January 2013, but was 

deemed an insignificant trigger for the 2013 slide as warm temperatures melted the snow during 

January when the subsurface was frozen. The pore water pressure change throughout the slope is 

slower when the subsurface is frozen due to the lower permeable material and results in increased 
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runoff. The timing of each landslide at Mud Creek was immediately after each winter season and 

indicates that snowmelt was a likely contributing trigger (Figure 3.5b). In addition, the total 

rainfall prior to each failure was not significant and indicates that it was not a significant 

triggering factor. However, as the snow and rain events between 2011 and 2013 did nto reach 

record conditions, there must be additional pre-conditions required to decrease the stability of the 

slopes along Mud Creek resulting in the timing of these landslides.  

Results from the cone penetration testing (CPT) methods outlined in Chapter 2 were used to 

identify the general stratigraphy and variation in strength properties along the slope. In addition, a 

long term monitoring program was initiated using piezometers to monitor the fluctuations in the 

seasonal ground pore water pressures. 

3.2.3 Cone Penetration Testing (CPT) Program 

Cone penetration testing was conducted in collaboration with ConeTec Site Investigation in late 

August 2012 after the March 2012 failure and in May 2013 after the April 2013 failure. Cones 

were penetrated using either the TC-7 tracked rig or a lighter portable push frame (PPF). The 20 

ton TC-7 tracked rig was only used for cone penetration testing near the tree line as it was 

deemed a safer zone in regards to the current slope stability conditions after the 2012 failure. The 

portable push frame (PPF) is a lightweight steel frame that enables the user to hand crank the 

cone and rods into the ground.  The rate of each push was monitored by timing the average 

rotational speed of the hand crank. The PPF was used in zones of higher slope instability (e.g. 

near the scarp and crest) and in unreachable terrain with the tracked rig (e.g. north bank of Mud 

Creek). 
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CPT cones of varying size and type, identified in Chapter 2, were used to determine an accurate 

profile and inferred slip surface, as well as spatially locate banded and varved layers. The cones 

used were a 2 cm
2
 piezocone (pore pressure only), 5 cm

2
 and 10 cm

2
 CPTu, and a 10 cm

2
 and 15 

cm
2
 SCPTu. Full records of all the CPT soundings are included in Appendix A. An orthophoto of 

the field site rendered in Photoshop after the 2012 and 2013 landslides are outlined in Appendix 

A. The 2013 orthophoto highlights the locations of all CPTs and piezometers installed in 2012 

and 2013. 

A 5 cm
2 

cone was pushed at multiple locations at the field site shown in Figure 3.3 in order to 

determine the strength along the slope. The cone tip resistance, qc, sleeve friction, fs, and dynamic 

pore pressure, u2, were continuously recorded. The corrected total cone tip resistance, qt from 

CPT13-01, CPT13-02, CPT13-04, CPT13-06, CPT13-08 and CPT13-09 was plotted along the 

profile (A-A’) highlighted in Figure 3.3. The total tip resistance along the slope profile A-A’ in 

Figure 3.6 indicates that the strata were similar to the material units defined by Fransham and 

Gadd (1977). Since Champlain Sea Clay typically has variable properties with depth (Fransham 

and Gadd, 1977), a generalised model shown in Figure 3.6 was created. The stratigraphy was 

inferred as four main units: the surficial crust (Unit A), upper clay (Unit B), lower clay (Unit C) 

and till deposit (Unit D). The corrected tip resistance indicates that an approximate 3.0 m crust 

overlies the thick layer of Champlain Sea Clay. In terms of the Soil Behaviour Type (SBT) charts 

(Robertson 1990 and Lunne et al 1997) from a depth of 3.0 m to 12.0 m, the Champlain Sea Clay 

is inferred as silt to sensitive fines. This thick layer (Unit B) was inferred to be banded clay, as 

identified in Chapter 2, and believed to be similar to the banded layers observed by Fransham and 

Gadd (1977). The banding throughout this unit was a result of the varying depositional 

environment due to seasonal changes (Fransham and Gadd, 1977). A weaker zone (Unit C) 

composed of sensitive fines according to the SBT charts was evident at a depth of 12.5 m to 15.0 
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m. Results in Chapter 2 suggests that this layer was composed of freshwater varved clay (i.e. thin 

alternating layers of silt and clay) and potentially similar to the sequences found by Johnston 

(1917), then Antevs (1925), Gadd (1962) and Fransham and Gadd (1977). The bottom layer (Unit 

D) was the till deposit that has no association with marine submergence (Fransham and Gadd, 

1977). 

3.2.4 Long term hydrogeological monitoring program 

A long term hydrogeological monitoring program was initiated in August 2012 after the March 

2012 landslide and additional instrumentation was installed in May 2013 after the April 2013 

landslide. Electric push-in piezometers and data loggers designed by Adara Systems were 

provided by ConeTec Site Investigations. The piezometers were installed throughout the site in 

order to monitor the seasonal fluctuations in the ground water regime. The PiezoWatch-4 Data 

Loggers are capable of logging four channels having up to 10,000 points per channel with logging 

intervals ranging from one scan per minute to one scan per day or longer. A logging interval of 10 

minutes was deemed sufficient to monitor the immediate fluctuations in pore pressure due to 

seasonal weather variations (e.g. rainfall, snowmelt, etc). The spatial location and depth of each 

piezometer installed are highlighted on the orthophoto in Figure 3.3 and along the slope profile in 

Figure 3.7 respectively. Piezometer information and installation details are outlined in Appendix 

B.   

The hydrogeological program initiated in 2012 was required to determine the general water table 

location and boundary conditions at the field site. The 2012 program consisted of installing one 

Adara Data Logger (DL1) with four piezometers (12-A1, 12-A2, 12-A3, and 12-A4). Piezometer 

12-A1 and 12-A2 were installed in the till deposit (Unit D) and the upper clay unit (Unit B) 

respectively in order to define the pore pressures near the tree line. A piezometer was installed in 
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the upper clay layer near the scarp (12-A3) and in the failure zone (12-A4) to determine the 

fluctuations in seasonal pore pressures near the slope face.  

The hydrogeological program initiated in May 2013 after the April 2013 landslide further 

classified the ground water regime profile. The 2013 program consisted of installing two Adara 

Data Loggers (DL2 and DL3) in which four piezometers (13-A5, 13-A6, 13-A7 and 13-A10) 

were logged to DL2 while two piezometers (13-A8 and 13-A9) were tied into DL3. Piezometers 

were installed with varying depths near the tree line (13-A5) and scarp (13-A6 and 13-A7) in 

order to evaluate the pore pressure distribution with depth in the upper clay and till deposit. A 

piezometer, 13-A10 was installed approximately 30 m south of the tree line in order to redefine 

the boundary conditions due to the most recent failure in 2013. Piezometer 13-A8 was installed 

across the creek in the lower clay deposit to determine the pore pressure response near the valley 

toe. Piezometer 13-A9 was installed in the lower clay within the creek to determine the seasonal 

changes of the creek level. 

3.3 Results 

3.3.1 Hydrogeological ground water regime at the experimental field site 

The total head ground water profiles obtained from the pore pressure readings from each 

piezometer are plotted in Figure 3.8.  Data is missing from 12-A3 and 12-A4 as indicated in 

Figure 3.8 due to animals damaging the cables. Piezometers 12-A1 to 12-A4 have recorded pore 

pressure data from August 19, 2012 to July 12, 2013. Piezometers 13-A5 to 13-A10 have 

recorded pore pressure data from May 16, 2013 to July 12, 2013. Data logging is ongoing. 

The piezometers installed at Mud Creek indicated large seasonal fluctuations in the ground water 

regime, at piezometers 12-A3 and 12-A4 near the scarp, were present within the Champlain Sea 
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Clay. The pore pressure change at piezometers12-A2 and 13-A5 was not as prominent but still 

slightly fluctuated with seasonal variations. The fairly constant head shown by piezometer 12-A1 

and 13-A7 in the till deposit indicated that this layer experiences lower seasonal changes in pore 

pressure.  

It has been observed by other researchers (e.g. MTQ, 2011; Lefebvre et al, 1986; and Hugenholtz 

and Lacelle, 2004) that artesian conditions may commonly exist at the toe of the slope resulting 

from the location of the till layer below the valley bottom. Assuming a constant head in the lower 

clay unit using piezometer 13-A8 installed on the north bank of the creek, the flow gradients near 

the lower clay unit can be generalized throughout the entire slope. Piezometers 13-A7 in the till 

and 13-A8 in the lower clay indicate that there is a high upward gradient into the lower clay from 

the till of approximately 1.1 during the peak flow conditions. Additionally, piezometers 13-A2 in 

the upper clay and 12-A1 in the lower clay suggests there is a significant gradient across the 

lower clay (Unit C). 

 Piezometers 12-A3 and 13-A6 within the clay layer indicate that there was a slight downward 

gradient in the upper clay (hydrostatic) near the scarp. Piezometers 12-A2 and 13-A5 indicated 

there was a slight downward gradient near the tree line through the upper clay unit. However, 13-

A5 was installed close to a large tree and may be causing a slight drawdown in the water table 

resulting in a higher downward gradient than expected.  The pressure change at the piezometers 

near the scarp tend to be higher during seasonal variations than the piezometers near the tree line 

as they are located near the slope face allowing for increased drainage. Piezometer 13-A10 was 

installed 5 mbgs approximately 30 m south of the tree line. This piezometer was at a similar depth 

below the ground surface as 12-A2. As the total head between piezometers 12-A2 and 12-A10 are 
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very similar, either location may be used to define the ground water regime that is not 

significantly influenced by the large slope face.  

The range in the water levels of piezometers 12-A1 to 12-A4 shown in Figure 3.9 outline the 

observed recordings between August 2012 and July 2013. The maximum and minimum total head 

readings at each piezometer further indicate the importance of the seasonal changes on the ground 

water regime. Near the scarp, during the late winter/early spring, the water table is approximately 

1.8 m below the ground surface. During the late summer, the water table is significantly lower at 

approximately 6 m below the ground surface. During the late winter/early spring, the piezometric 

head near the tree line (at 12-A2) was approximately 1 mbgs and 3.1 mbgs during the late 

summer. The maximum water levels observed prior to the 2013 landslide suggest the potential for 

seepage at the slope face. The potential for seepage through the slope face was observed in the 

field with the persistent pooling of water at the base of the 2012 landslide bowl. 

Over the period which the piezometers from the 2013 investigation were recorded, the highest 

and lowest pore pressures were observed on June 12, 2013 and July 12, 2013 respectively. It is 

necessary to observe the hydrology conditions during low and high pore water pressure 

conditions in order to indicate the ground water gradients at the field site. The pore pressures 

measured at the tree line and scarp on June 12, 2013 (high pore pressure conditions) and July 12, 

2013 (low pore pressure conditions) are presented in Figure 3.10. Figure 3.10a and Figure 3.10b 

represent the pore water pressure conditions at the tree line and scarp respectively. The pore 

pressure results suggest the ground regime is nearly hydrostatic during the low pore pressure 

conditions in July throughout the upper clay. The results also indicate a slight downward gradient 

(i) near the tree line of 0.1 and hydrostatic conditions near the scarp within the upper clay. During 
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higher pore water pressure conditions in June, the increased rainfall causes a higher downward 

gradient at the tree line and scarp of 0.05 and 0.2 respectively within the upper clay.  

Ground water temperature profiles have been shown to be an effective tracer to indicate 

subsurface flow (Anderson, 2005). The subsurface was typically divided into two zones, the 

surficial zone and the geothermal zone (Parsons, 1970). Seasonal heating and cooling will cause 

temperature changes only in the surficial zone.  The geothermal zone is not affected by seasonal 

variations in temperature resulting in a fairly linear temperature profile with depth, typically 

increasing 1 degree C per 20 m to 40 m depth (Anderson, 2005). If there is no ground water flow, 

the subsurface temperature will follow the geothermal gradient in the geothermal zone. However, 

groundwater flow will influence the geothermal gradient by the infiltration of relatively cool 

water and upward flow of relatively warm water (Anderson, 2005). Thus, the deviation of the 

ground water temperature from the thermal gradient may be used as a tracer for identifying flow 

regimes. The 5 cm
2
 and 2 cm

2
 cones in this investigation were additionally equipped with a 

temperature transducer monitoring the dynamic temperature changes of the cone during 

penetration. The dynamic cone temperature profiles during the late spring at CPT12-04 and the 

late summer at CPT13-01 are shown in Figure 3.11. There was a significant drop in the probes 

temperature within the surficial zone during the spring and summer tests. As expected, the cone 

temperature during the late summer was higher due to the heating of the surficial zone. As the 

cone enters the geothermal zone, the cone temperature generally increased and was relatively 

linear indicating a downward gradient within the upper clay. 

3.3.2 Pore water pressure dissipation tests 

Dissipation testing was performed at various depths throughout the field Site in order to quantify 

the coefficient of permeability throughout the Champlain Sea cay deposit. As the deposit along 
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Mud Creek has shown to be layered, the horizontal permeability will have a greater influence on 

the overall behavior of the ground water regime. Thus, dissipation testing was performed in the 

upper (banded clay) and lower (varved clay) units using the 5 cm
2 

(CPT12-05), 10 cm
2
 (CPT13-

10) and 15 cm
2
 (CPT13-12) penetrometers. Dissipation testing in the upper clay and lower clay 

was performed at approximately 8.5 mbgs and 13.5 mbgs respectively for each of CPT12-05, 

CPT13-10 and CPT13-12. 

As described in Chapter 2, the rate of dissipation was governed by the coefficient of 

consolidation. The coefficient of consolidation can be used to define the coefficient of 

permeability, k within the units that were inferred along Mud Creek. Equation 3.1 describes the 

relationship between the coefficient of consolidation and permeability.  

     
   

  
 

(3.1) 

where D’ is the constrained modulus, and γw is the unit weight of water. The coefficient of 

permeability was a very important design parameter in hydrogeological design as it controls the 

seepage rates and preferential drainage within layered deposits. Various methods have been 

developed to determine the constrained modulus. Liu et al (2010) indicated that the Senneset et al 

(1989) method, adopted in this study, gives a good prediction of the measured constrained 

modulus in clays. For monotonic decay using a Type 2 piezocone (filter in u2 position) the 

empirical methods of Jones and Van Zyl (1981) described in Equation 3.2 were used to measure 

the coefficient of consolidation cvh,  

     
  (  )  

        (   )
 

(3.2) 
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where t50 is the time to reach 50% completion of the full ∆u decay (Robertson et al, 1992) and d is 

the diameter of the penetrating cone. Reaching 100% consolidation is not practical.  After 

penetration was halted, the t50 was measured as the time for dissipation to reach the halfway point 

during u2 decay from the maximum u2 to the equilibrium value, uo. The measured t50 results from 

dissipation testing are outlined in Table 3.1 in addition to the calculated coefficient of 

consolidation and permeability determined from Equation 3.1 and Equation 3.2 respectively. The 

pore pressure dissipation profiles for tests defined in Table 3.1 are outlined in Appendix B. 

According to cavity expansion theory described in Chapter 2, a larger cone will take longer to 

reach 50% consolidation as seen in Table 3.1. A larger plastic zone develops with an increasing 

cone diameter and generates higher excess pore water pressures that take longer to dissipate to the 

equilibrium pressure. The dissipation results using the 5 cm
2
, 10 cm

2
 and 15 cm

2
 cones indicated 

a consistent coefficient of consolidation within the upper clay unit (banded clay) between 0.13 

cm
2
/min to 0.14 cm

2
/min. However, the coefficient of consolidation in the lower clay (varved 

layers) varied between 0.09 cm
2
/min to 0.28 cm

2
/min. This was expected as the lower clay unit 

was much more variable, consisting of alternating silt and clay layers. Dissipation testing 

performed in the proximity of a more permeable layer (i.e. silt) would have a higher coefficient of 

consolidation and permeability (Hird and Springman, 2006). The coefficient of permeability was 

determined to be higher in the upper clay ranging between 2.55 x 10
-8

 cm/s to 3.09 x 10
-8 

cm/s, 

than within the lower clay unit ranging between 4.21 x10
-9

 cm/s to 1.49 x 10
-8

 cm/s. These values 

are within the wide range of typical values for the coefficient of permeability in Champlain Sea 

Clays of 3 x 10
-9

 cm/s to 3 x 10
-7

 cm/s (Tavenas et al, 1983).  
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3.3.3 April 10
th

 2013 landslide at experimental field site 

The pore pressure response prior to the 2013 landslide was recorded every 10 minutes and thus 

has provided a suitable response outlining the pore pressure distribution prior to a reactivated 

landslide event. The pore pressure distribution prior to the 2013 landslide is shown in Figure 3.12 

and the pore pressure response is correlated between the change in weather conditions (i.e. snow 

on the ground and rainfall) near Mud Creek.  The data collected in Figure 3.12, a month prior to 

the 2013 landslide, compares the total head response of piezometers 12-A1 to 12-A4 with the 

daily snow on the ground and rainfall conditions. The rapid snowmelt in March shown in Figure 

3.12b evidently coincided with the change in total head seen in Figure 3.12a. The rapid snow melt 

in March (indicated by arrows 1 and 2 in Figure 3.12b) caused a steady supply of water to 

infiltrate the deposit, significantly increasing the pore water pressures leading to the instable slope 

conditions in April 2013. Prior to the 2013 landslide, the potential for slope movements leading to 

the failure may be altering the pore pressure distribution as seen in Figure 3.12a. The potential for 

larger movements (e.g. opening of tension cracks) due to the instable slope conditions may cause 

the drastic pore pressure relief near the scarp at 12-A3.  

Additionally, the rainfall data alone was not a significant influence a month prior to the 2013 

landslide event as seen in Figure 3.12b. However, increased rainfall will influence the flow rates 

throughout the small meandering creek. The flow rates at Mud Creek will affect the erosion rates 

and the undercutting at the outside bend of the meandering creek which may lead to potential 

local failures. Foster (2011) monitored the erosion rates over a 2 year period and indicated 

undercutting at the toe of approximately 1 m/year using low aerial photogrammetry and 

surveying methods (i.e. total station and GPS).  Therefore, a combination of the preconditions 
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(e.g. local failures from erosion) and significant pore pressure changes from rapid snowmelt were 

considered potential triggers for the 2013 landslide. 

3.3.4 Comparison to May 10
th

 2010 landslide in Saint-Jude, Quebec 

The observed behavior of the retrogressive landslides along Mud Creek has been unusual 

compared to some of the more renowned landslides in Champlain Sea Clay such as the Saint-Jude 

landslide on May 10
th
 2010. The Ministry of Transportation of Quebec (MTQ) conducted an 

extensive landslide investigation following the major landslide that occurred near Saint-Jude 

Quebec (50 km east of Montreal) using cone penetration testing and hydrogeological monitoring. 

The results from this report are compared to the observed cone penetration testing and 

hydrogeological monitoring results along Mud Creek in order to evaluate whether there are 

distinct variations in the stratigraphy and the ground water regime influencing the difference in 

observed behavior. 

The piezocone results in the MTQ report (MTQ, 2011) indicated there was a similar stratigraphy 

between the undisturbed regions of the Saint-Jude landslide and the field site along Mud Creek. 

The Saint-Jude site landslide occurred along a much deeper valley than Mud Creek 

(approximately 11 m deeper); however the strength profiles are very comparable between the two 

landslides. MTQ (2011) divided the Saint-Jude clay deposit into four main layers overlaying the 

bedrock, identified as Unit A, Unit B, Unit C and Unit D and potentially correspond to the similar 

units that were inferred by the cone penetration testing results at Mud Creek. Unit A at both sites 

has a variable strength profile with a wide range in total tip resistance.  Below the crust, Unit B at 

Saint-Jude was defined as banded clay with very little silt; Mud Creek displays similar 

characteristics as bands (approximately 6 cm to 10cm) were observed in the pore pressure 

response soundings throughout Unit B. Similar to Mud Creek, there was a weaker layer below the 
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banded clay (Unit B) at Saint-Jude. MTQ (2011) defined Unit C at Saint-Jude as silty clay that 

was stiff to very stiff. The total tip resistance throughout Unit C at Mud Creek has a similar 

strength profile that was observed within the intact clay of Unit C at the Saint-Jude site. Both sites 

have a resistance that varies similarly with depth throughout Unit C. X-ray’s of the boreholes in 

Unit C at Saint-Jude indicate that there are layers of gray silty clay interbedded with variable clay 

layers and alternating gray silt and clay layers with thin beds of sand or silt. Samples obtained 

from the eroded river banks along Mud Creek indicated similar alternating thin layers (less than 

10 mm thick) of silt and clay.  

The Swedish Cone tests performed by MTQ in the laboratory indicated that the undrained shear 

strength, Su ranged between 25 kPa and 65 kPa from the top to bottom within Unit B at Saint-

Jude. These results are very similar to the undrained shear strength at the field site ranging 

between 48 kPa at 61 m and 77 kPa at 53.3 m near the bottom of Unit B. However, the undrained 

shear strength within the weaker layer (Unit C) at Saint-Jude was determined to be much higher 

than along Mud Creek. The undrained shear strength of Unit C at Saint-Jude increases drastically 

from 70 kPa to 170 kPa before dropping back down to 50kPa near the top. The undrained shear 

strength then increases to 70kPa mid unit and then drops back down to 50kPa near the bottom of 

Unit C. The resistance profile of Unit C at Mud Creek varied similarly as the Saint-Jude site, 

however there was not a significant increase in the peak undrained shear strength near the top of 

Unit C. Upon the significant decrease in the strength profile transitioning between Unit B and 

Unit C, the undrained shear strength in Unit C at Mud Creek increased from 48 kPa at 52.9 m to 

65 kPa at 51.8 m and then decreased down to 25 kPa at 51.1 m near the bottom of the unit. 

MTQ installed piezometers at the Saint-Jude landslide in order to evaluate the typical 

groundwater regime along the slope profile at Saint-Jude. The pore pressure results from the 
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piezometers within Unit B at Saint-Jude indicated that there was a downward gradient (i) between 

0.05 to 0.2 depending on the location within the slope. The piezometers at Mud Creek indicated a 

similar downward gradient within Unit B of 0.05 to 0.1 near the tree line (i.e. 15 m from the top 

of the slope) and 0 to 0.2 near the scarp (i.e. directly behind the top of the slope). The gradient at 

Mud Creek near the scarp was variable due to the large steep face from the 2012 and 2013 

landslides. Piezometers at the Saint-Jude site were installed out of the depletion zone in order to 

avoid the effects of the large seepage front. The Saint-Jude site has a high upward gradient 

(artesian) of 0.3 near the toe of the slope which was influenced by the lower till (Unit D). At Mud 

Creek a higher upward gradient from the till (Unit D) to the lower clay (Unit C) of 1.1 was 

noticed near piezometer 13-A7 during peak flow conditions.  Thus, there is likely the potential for 

high artesian conditions at Mud Creek near the toe. This was also observed in the field by 

vertically upwards seepage flow near the creek bed at the toe of the slope.  

Permeability tests performed in oedometer cells were conducted by MTQ on the clay samples 

obtained within Unit B and Unit D at the Saint Jude landslide. The coefficient of permeability in 

Unit C was assumed equal to that within Unit D, since the pressure observed in the piezometers 

within these units were of the same order of magnitude (MTQ, 2011). The coefficient of 

permeability at Saint Jude was determined to be 9 x 10
-8

 cm/s in Unit B and 5 x 10
-8

 cm/s in Unit 

C. These results are fairly similar as Mud Creek where the coefficient of permeability was 

approximately 2.8 x 10
-8

 cm/s in Unit B and 1.2 x 10
-8

 cm/s in Unit C as outlined by the 

dissipation testing results.  

3.4 Conclusions 

The sensitive clay river banks of Green’s Creek and its tributary Mud Creek in Ottawa are highly 

active landslide regions within the Champlain Sea Clay marine deposit. The Champlain Sea Clay 
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along the banks of Mud Creek, are notorious for its sensitivity and susceptibility to landslides due 

to its highly brittle structure. Champlain Sea Clay has shown to be highly influenced by the soils 

pore water. The pore pressure distribution throughout the clay deposit is crucial in assessing the 

stability of the slopes and the potential causes and triggers of landslides along Mud Creek. As 

Mud Creek is still in the earlier to intermediate stage of valley development and geological 

formation (Hugenholtz and Lacelle, 2004), this site has proven to be an excellent case study to 

observe the hydrogeology conditions of a developing valley. A long term hydrogeological 

monitoring program was initiated in 2012 at Mud Creek to determine the changes in the seasonal 

pore water pressures during a retrogressive landslide. An extensive program of cone penetration 

testing was initiated in 2012 to infer the stratigraphy and general strength parameters along the 

slope.  

The slope of the study area has retrogressed additionally after the initiation of the long term 

monitoring program in August 2012. The pore pressures monitored during the 2013 landslide 

provided preliminary results on the triggering factors altering the ground water regime leading to 

failure. This case study showed that the landslides in 2012 and 2013 did not require record 

snowfall or rainfall conditions to trigger each landslide event. However, the weather data clearly 

concluded that rapid snowmelt had a significant influence on the landslides and failure was likely 

to occur shortly after the winter season when pore pressures were observed to be the highest. The 

peak pore pressures were observed in the piezometers prior to the 2013 landslide event. Thus, this 

data will be valuable in future observations;  by providing records of ground water levels that 

fluctuate with seasonal weather changes and typical pore pressures, this data will support 

understanding of conditions that will lead to an unstable slope at the field site along Mud Creek. 
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Lefebvre (1986) observed that the location of the lower till from the valley bottom has major 

implications on the ground water regime. Depending on the stage of valley formation, the till 

layer will alter the gradient (i) within the intact clay layer and near the toe of the slope. As Mud 

Creek was reported to be in the intermediate stage of valley development according to the 

Hugenholtz and Lacelle (2004), the gradients at Mud Creek should be downward in the intact 

clay and upward near the toe. The pore pressures observed from the piezometers installed 

suggests a general downward gradient throughout the upper clay between 0 to 0.2 depending on 

the location. It was determined from the piezometers that there was a significant gradient across 

the lower clay (Unit C). Additionally, a strong upward gradient (potentially artesian conditions 

near the toe) was observed from the till into the lower clay along the slope that ranged from 0.9 to 

1.1 depending on the location and flow conditions.  

The field site along Mud Creek was compared to the Saint-Jude, Quebec landslide that occurred 

on May 10, 2010 in order to indicate whether there are variations in the strength parameters and 

hydrological conditions that may have resulted in the difference in observed retrogressive 

behaviour. The profile that was generalised at the field site along Mud Creek has shown to be 

quite comparable to the strength parameters of the stratigraphy defined at Saint-Jude by MTQ 

(2011). Both sites have divided the deposit into three general units above the till and have 

displayed similar strength profiles according to the cone penetration testing soundings. However, 

according to the Mitchell (1978) model, the difference in slope height may be contributing to the 

difference in landslide behaviour observed at Mud Creek and Saint-Jude. The Saint-Jude 

landslide resembled a spread with horst and graben features that was 275 m wide and retrogressed 

210 m into the bank. However, Mud Creek resembled a retrogressive rotational or two-wedge 

failure that was significantly smaller. The Mud Creek landslide was approximately 15 m wide 

and retrogressed only 30 m into the bank. Thus, the Saint-Jude valley being 10 m deeper than the 
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slopes along Mud Creek resulted in a retrogressive failure that was several times larger. The 

hydrogeological conditions were compared between the landslides at Mud Creek and Saint-Jude 

in order to assess whether a variation in the ground water regime was influencing the failure. 

Both sites had a similar downward gradient (i) of 0.1 to 0.2 through the intact clay towards the toe 

of the slope. MTQ (2011) indicated there was a large upward gradient of 0.3 near the toe of the 

slope at Saint-Jude. Whereas, the gradient at Mud Creek from the till to the lower clay was 

significantly higher and ranged between 0.9 to 1.1 depending on the location and flow conditions. 

The coefficient of permeability was determined for the field site along Mud Creek and was 

comparable to values indicated by MTQ (2011) and of Champlain Sea Clay in the literature 

(Tavenas et al, 1983). The coefficient of permeability at Mud Creek was approximately 2.8 x 10
-8 

cm/s in Unit B and 1.2 x 10
-8

 cm/s in Unit C. 

The results presented in this chapter are preliminary findings from the long term monitoring 

program initiated in August 2012. Additional years of data are needed to fully understand the 

seasonal changes in the ground water regime and the effects of the changing pore pressure on the 

displacement rates of the ground control points at Mud Creek. The scope of this monitoring 

program extends beyond the two years of a Master of Applied Science (MASc) thesis. Thus, 

additional work has been planned in order to further characterize the field site along Mud Creek 

and to investigate the development of a retrogressive failure in Champlain Sea Clay. 

A sampling program composed of vertical geotechnical drilling will be initiated in the future to 

obtain high quality undisturbed samples for laboratory testing. High quality samples will be 

obtained by following a similar practice completed by Degroot et al (2008) in order to 

characterize the anisotropy of the units in terms of the hydraulic conductivity ratio (kh/ kv) and to 

obtain the strength parameters of each unit. Once obtained, the hydraulic and strength parameters 
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will be used to develop Seep/W and Slope/W models of Mud Creek in order to back calculate the 

failure criteria (i.e. mechanical properties of materials involved in landslide event) for the 2012 

and 2013 landslides. This work has proven to be an effective first step in commencing a long term 

monitoring program along Mud Creek and providing preliminary findings on the present 

hydrogeological conditions during a retrogressive landslide in Champlain Sea Clay. 
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Table 3.1: Pore water pressure dissipation test results. 

Test ID Cone 

Area 

(cm
2
) 

Depth 

(m) 

Dissipation 

Elevation (m) 

Unit of 

Dissipation 

t50 

(min) 

cvh 

(cm
2
/min) 

k 

(cm/s) 

CPT12-05 5 8.0 57.0 Upper Clay 3.7 0.13 2.6x10
-8

 

CPT13-10 10 8.6 56.4 Upper Clay 7.3 0.13 3.1x10
-8

 

CPT13-12 15 8.2 56.8 Upper Clay 10.0 0.14 2.8x10
-8

 

CPT12-05 5 13.8 51.2 Lower Clay 1.7 0.28 4.2x10
-9

 

CPT13-10 10 13.7 51.3 Lower Clay 10.8 0.09 1.5x10
-8

 

CPT13-12 15 13.3 51.7 Lower Clay 11.3 0.13 1.7x10
-8
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Figure 3.1: The Lefebvre (1986) model adapted by Hugenholtz and Lacelle (2004) describes 

the valley formation in Champlain Sea Clays. The ground water gradient (i) indicates the 

typical flow direction during each stage.
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Figure 3.2: Location of field site along Mud Creek. 
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Figure 3.3: Orthophoto of April 2013 landslide, highlighting the progression of the failure from 2011 to 2013. Locations of 5 cm
2
 CPTu 

testing and piezometer installations are outlined. A local coordinate system has the zero axes near the tree line 
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Figure 3.4: Digital elevation models with a 1 m grid mesh are created using the point cloud 

data from both the photogrammetry and lidar surveys. The a) 2006 lidar survey was 

obtained from the National Capital Commission. The photogrammetry surveys are 

provided for the b) 2011 failure c) March 2012 landslide and d) April 2013 landslide. 
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Figure 3.5: The a) displacements of select ground control points (GCP) prior to the 2012 

and 2013 landslides measured using total station data. GCP selected are highlighted in 

Figure 3.3. Environment Canada’s historical weather data of b) snow on the ground (cm) 

and c) total rainfall (mm) was obtained to compare the slope movement with seasonal 

weather changes.   
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Figure 3.6: Cone penetration soundings of corrected total tip resistance, qt during the 2012 site investigation using the 5 cm
2 
CPTu cone 

are outlined along the slope profile A-A’ in Figure 3.3. Tip resistance truncated in till for clarity. The vertical scale is exaggerated by a 

factor of 2.
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Figure 3.7: Electric push-in piezometers installed using a portable rig during the 2012 and 2013 site investigations. The vertical scale is 

exaggerated by a factor of 3. 
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Figure 3.8: Total head (m) data recorded from all piezometers installed at the field site during 2012 and 2013 investigations. The timing of 

the April 10, 2013 landslide is indicated by the drastic drop in total head at 12-A4 as it loses connection to the data logger. 
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Figure 3.9: The range of water levels observed in piezometers 12-A1, 12-A2, 12-A3 and 12-A4 at the field site from August 2012 to July 

2013. A cross section of the DEM is shown for 2012 and 2013.The vertical scale is exaggerated by a factor of 2.5.
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Figure 3.10: The high and low pore water pressures observed over period which the 2013 

piezometers were logged. Change in pore pressure with elevation at the a) tree line (12-A1, 

12-A2, and 13-A5) and b) scarp (12-A3, 13-A6, and 13-A7) on June 12, 2013 (high water 

table conditions) and July, 12 2013 (low water table conditions). Hydrostatic pore pressures 

in upper clay are shown. 
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Figure 3.11: Temperature profile at CPT13-01 used as a ground water tracer according to 

Anderson (2005) suggests a downward flow gradient within the slope. 
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Figure 3.12: The a) total head response of piezometers 12-A1, 12-A2, 12-A3 and 12-A4 

coincides with b) a change in snow depth and c) total rainfall prior to the April, 10 2013 

landslide. 
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Chapter 4 

Conclusions 

Champlain Sea Clay landslides in the Ottawa area are a common problem due to the marine clays 

sensitivity causing distortion and a drastic change in the structural properties during shearing. 

Hugenholtz and Lacelle (2004) conducted an inventory of landslide activity of the Green’s Creek 

valley near Ottawa indicating at least 52 landslides have occurred along Green’s Creek and Mud 

Creek over a 72 year period. Landslides in Champlain Sea Clay have shown to potentially be 

retrogressive (Mitchell and Markell, 1974). However, the retrogressive landslides within the 

Green`s Creek Valley (includes Mud Creek) experienced prolonged periods of retrogression from 

several years-to-decades after the initial landslide (Hugenholtz and Lacelle, 2004). This was 

uncommon, as the retrogressive events of the more renowned landslides in Champlain Sea Clay 

(e.g. Saint-Jean Vianney and Saint-Jude) occurred several hours to several days after the initial 

failure. This suggests the failure process of Champlain Sea Clay near Ottawa may slightly differ 

from the regions of the larger historical landslide events such as the Saint-Jean Vianney slide 

(Tavenas et al, 1971), Saint-Jude landslide (Locat et al, 2010) and the Lemieux slide (Evans and 

Brooks, 1994). The objective of this thesis was to characterize and monitor a retrogressive 

landslide that has occurred within a Champlain Sea Clay deposit near Ottawa by using cone 

penetration testing and hydrogeological monitoring. To achieve this objective, a small section of 

creek bank along Mud Creek that was observed to be in a suspended state of landslide activity 

was chosen for further investigation. 

Cone Penetration Testing (CPT) has been used as a common in-situ method for investigating 

landslides, detecting slip surfaces and back analyzing landslides within glaciomarine clays (e.g. 

Demers et al, 1999; and MTQ, 2011). Studies have shown that a miniature piezocone has been an 
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effective method in detecting thin alternating layers within glaciomarine clays in order to 

characterize the anisotropic behavior of sensitive clay deposits (e.g. Hird et al, 2003; and DeJong 

et al, 2007). However, the miniaturization limits the size of the cone penetrometer’s housing 

containing the strain sensors and electronic wiring. In order to obtain the high resolution pore 

pressure sounding, the tip and sleeve transducers need to be removed from the housing of the 

miniature piezocone. As Champlain Sea Clay was shown to be typically banded (Fransham and 

Gadd, 1977), a larger 5cm
2
 cone was used to locate the layering and obtain strength profiles for 

soil characterization. A general stratigraphy consisting of four units was proposed along Mud 

Creek using the CPT strength profiles: the surficial crust (Unit A), the upper clay (Unit B), the 

lower clay (Unit C) and the till deposit (Unit C).  

To evaluate the repeatability in the soundings and the possibility of using a larger cone to locate 

layers with the pore pressure response, this case study compared the 2 cm
2
, 5 cm

2
, 10 cm

2
 and 15 

cm
2
 penetrometers. This site investigation demonstrated that the 5 cm

2
 CPTu penetrometer 

pushed at 0.5 cm/s and sampled every 1 mm was proposed as the best method for stratigraphic 

profiling of layers in Champlain Sea Clay. It was determined that the 10 cm
2
 and 15 cm

2
 

penetrometers would be capable of defining the strength properties and general stratigraphy, but 

would not be sufficient to profile the highly stratified layers that were 3mm thick. Due to the 

larger plastic zone around the 10 cm
2
 and 15 cm

2
 penetrometers, the generated excess pore 

pressures would be averaged over multiple layers resulting in a smeared pore pressure profile.  

However, the study further demonstrated that achieving an accurate pore pressure response 

required for stratigraphic profiling of layers was only possible if the filter and penetrometer 

reservoir were properly saturated prior to penetration. In doing so, the 5 cm
2 

penetrometer was 

capable of detecting remoulded and intact layers to define the frequency range of repeating bands 
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along Mud Creek and to determine the slip surface location. A Fast Fourier Transform (FFT) was 

used for a direct indication of the repetition of layer thickness throughout the banded clay. The 

FFT analysis indicated that bands exist in the upper clay and repeated every 65 mm to 100 mm 

whereas the lower clay consisted of higher frequency layers defined as varves. These layers were 

observed in the field along the bottom of the valley to be 3 mm to 10 mm thick.  

The strength method using tip resistance was determined to be a more accurate approach than the 

pore pressure technique in detecting the location of the slip surface. The slight lag time in the 

pore pressure response inferred a lower slip surface location than the strength method. As the tip 

resistance will respond to a change in material ahead of the cone tip within the compressive 

plastic zone, it would provide a quicker response in detecting the slip surface location. Assuming 

the 2012 and 2013 landslides failed within the weaker lower clay, the slip surface inferred from 

the CPT profiles and DEMs proposed that a potential rotational or two wedge failure was 

occurring at the field site along Mud Creek. 

The pore pressure distribution throughout the clay deposit is crucial in assessing the stability of 

the slopes and the potential causes and triggers of landslides along Mud Creek. As Mud Creek is 

still in the intermediate stages of valley development according to the model proposed by 

Lefebvre (1986), this site has proven to be an excellent case study to observe the hydrogeology 

conditions of a developing valley. A long term monitoring program was initiated in 2012 at Mud 

Creek to determine the effects of the seasonal pore water pressures on a retrogressive landslide 

and the conditions required for slope instability. This case study demonstrated that maximum 

snowfall and rainfall events were not required to initiate the landslides in 2012 and 2013. 

However, both landslide events coincide with the rapid snow melt upon the winter season 

suggesting snow melt was a significant trigger for landsliding. During low pore water pressure 
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conditions the water table near the tree line and scarp was approximately 3 mbgs and 6 mbgs 

respectively. During peak pore water pressure conditions upon the winter snow melt, the water 

table near the tree line and scarp was significantly higher at 1 mbgs and 2 mbgs respectively. In 

order for an initial landslide to occur, the necessary deformations are required during pre-failure. 

Local toe erosion along the outside bend of Mud Creek was the most commonly observed pre-

failure condition required to develop a continuous slip surface throughout the entire soil mass 

(Hugenholtz and Lacelle, 2004). As erosion rates were indicated by Foster (2011) to be fairly 

slow at 1 m/year, significant erosion immediately before each failure was deemed insignificant 

for triggering these events. 

According to the Lefebvre (1986) model on valley formation the till layer below the Champlain 

Sea Clay deposit will alter the gradient (i) within the intact clay layer and near the toe of the 

slope. As Mud Creek is in the early to intermediate stage of valley formation, the gradient (i) was 

downward at 0.05 to 0.1 near the tree line (i.e. 15 m from the top of the slope) and 0 to 0.2 near 

the scarp during peak pore pressure conditions. There was a significant gradient across the lower 

clay (Unit C) and a strong upward gradient of 0.9 to 1.1 from the till into the lower clay. 

Dissipation tests using the 5 cm
2
, 10 cm

2
 and 15 cm

2
 CPTu penetrometers were performed in the 

upper and lower clay to determine the respective hydraulic conductivities. Dissipation tests 

indicated that a longer dissipation time was required to reach 50% consolidation for a larger cone 

diameter at the same depth. This was expected, as a larger cone will generate higher excess pore 

pressures due to larger soil deformations (i.e. plastic zone) surrounding the cone during 

penetration. The coefficient of permeability determined from the dissipation tests at Mud Creek 

was approximately 2.8 x 10
-8 

cm/s in the upper clay (banded) and 1.2 x 10
-8

 cm/s in the lower clay 

(varved).  
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The cone penetration tests and hydrogeological monitoring program discussed in this thesis have 

sufficiently characterized the retrogressive behavior of a landslide in Champlain Sea Clay. As 

Champlain Sea Clay is abundant throughout Eastern Canada, the detailed information outlined 

from this investigation provides practical knowledge required for engineering design, especially 

around the Ottawa area. 
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Appendix A 

Cone Penetration Testing Soundings 

The following appendix outlines an orthophoto of the field site locating all cone penetration tests 

that were performed during the 2012 and 2013 site investigation. Detailed information on each 

test during 2012 and 2013 are outlined in Table A.1 and Table A.2 respectively. The cone 

penetration soundings of each test performed in these tables are outlined through Figures A.1 to 

A.24.
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Figure A.1: Not to scale orthophoto generated from the aerial photogrammetry survey of the 2012 landslide.
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Figure A.2: Orthophoto locating all cone penetration tests in 2012 and 2013 at the field site. 

 

.
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Table A.1: Cone penetration testing details for 2012 site investigation 

CPT 

ID 

Date 

(mm/dd/yyyy) 
Test  

Cone 

(cm
2
) 

Push 

Rate  

(cm/s) 

Sample 

Interval  

(cm) 

Easting  

(m) 

Northing  

(m) 

Elevation  

(m) 

12-01 08/13/2012 CPTu2 10 5 5 378349 5031793 65.2 

12-02 08/14/2012 CPTu2 10 2 1 378344 5031792 65.3 

12-03 08/14/2012 PCPTu2 2 0.5 2.5 378351 5031794 65.2 

12-04 08/15/2012 PCPTu2 2 0.5 2.5 378356 5031796 65.1 

12-05 08/15/2012 CPTu2 5 0.5 2.5 378359 5031797 65.0 

12-06 08/16/2012 PCPTu2 2 0.5 2.5 378354 5031809 65.1 

12-08 08/16/2012 CPTu2 5 0.5 2.5 378351 5031815 63.8 

12-09 08/16/2012 PCPTu2 2 0.5 2.5 378353 5031815 63.8 

12-10 08/16/2012 CPTu2 5 0.5 2.5 378352 5031809 65.0 
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Table A.2: Cone penetration testing details for 2013 site investigation 

CPT 

ID 

Date 

(mm/dd/yyyy) Test  

Cone 

(cm
2
) 

Push 

Rate  

(cm/s) 

Sample 

Interval  

(cm) 

Easting  

(m) 

Northing  

(m) 

Elevation  

(m) 

13-01 05/13/2013 CPTu2 5 0.5 0.1 378348 5031795 65.1 

13-02 05/14/2013 CPTu2 5 0.5 0.1 378347 5031802 65.0 

13-03 05/14/2013 PCPTu2 2 0.5 0.1 378347 5031803 65.0 

13-04 05/15/2013 CPTu2 5 0.5 0.1 378347 5031808 64.9 

13-05 05/15/2013 PCPTu2 2 0.5 0.1 378348 5031808 64.9 

13-06 05/15/2013 CPTu2 5 0.5 0.1 378343 5031817 63.2 

13-07 05/15/2013 CPTu2 5 0.5 0.1 378348 5031802 65.0 

13-08 05/16/2013 CPTu2 5 0.5 0.1 378350 5031853 53.7 

13-09 05/16/2013 CPTu2 5 0.5 0.1 378365 5031763 65.4 

13-10 05/16/2013 SCPTu2 10 2 5 378349 5031802 65.0 

13-11 05/17/2013 CPTu1 5 0.5 0.1 378350 5031802 65.0 

13-12 05/17/2013 SCPTu2 15 2 5 378350 5031803 65.0 

13-13 05/17/2013 CPTu1 5 0.5 0.1 378349 5031796 65.1 
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Figure A.3: Cone penetration test CPT12-01 
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Figure A.4: Cone penetration test CPT12-02 
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Figure A.5: Cone penetration test CPT12-03. 
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Figure A.6: Cone penetration test CPT12-04. 
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Figure A.7: Cone penetration test CPT12-05. 
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Figure A.8: Cone penetration test CPT12-06. 
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Figure A.9: Cone penetration test CPT12-08. 
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Figure A.10: Cone penetration test CPT12-09. 
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Figure A.11: Cone penetration test CPT12-10.
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Figure A.12: Cone penetration test CPT13-01. 
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Figure A.13: Cone penetration test CPT13-02. 
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Figure A.14: Cone penetration test CPT13-03. 
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Figure A.15: Cone penetration test CPT13-04. 
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Figure A.16: Cone penetration test CPT13-05. 
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Figure A.17: Cone penetration test CPT13-06. 
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Figure A.18: Cone penetration test CPT13-07. 
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Figure A.19: Cone penetration test CPT13-08. 
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Figure A.20: Cone penetration test CPT13-09. 
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Figure A.21: Cone penetration test CPT13-10.
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Figure A.22: Cone penetration test CPT13-11.
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Figure A.23: Cone penetration test CPT13-12.
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Figure A.24: Cone penetration test CPT13-13. 

  



 

 

132 

Appendix B 

Hydrogeological Monitoring Instrumentation 

Appendix B outlines information on the electronic push-in piezometers that were installed at the 

field site during the 2012 and 2013 site investigations. Dissipation tests in the upper clay and 

lower clay are provided in Figure B.1 to Figure B.3. The dilatory decay during dissipation of the 

15cm
2
 SCPTu cone in the till deposit is shown in Figure B.3. The hydraulic conductivity was 

approximated in Chapter 2 due to the complexity of the spherical cavity expansion theory and 

critical state soil mechanics model (SCE-CSSM) described by Burns and Mayne (1998) required 

to determine the coefficient of permeability of a dilatory pore water dissipation response. The 

pore pressure dissipation test at 13.95 mbgs in the till in Figure B.3 can be used to determine the 

coefficient of permeability by adopting the SCE-CSSM solution by Burns and Mayne (1998)
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Table B.1: Electric push-in piezometers installed during 2012 and 2013 site investigations. 

Piezometer 

ID Installed 

Deployed 

Depth 

 (m) Baseline Information 

Easting 

(m) 

Northing 

(m) 

Ground 

Elevation  

(m) 

Local 

x  

(m) 

12-A1 08/16/2012 16.85 0.592 25 PSI/Volt; -14.7 to 50 PSIG 378352 5031794 65.2 1.1 

12-A2 08/16/2012 5 0.593 25 PSI/Volt; -14.7 to 50 PSIG 378352 5031794 65.3 0.9 

12-A3 08/16/2012 5 0.593 25 PSI/Volt; -14.7 to 50 PSIG 378353 5031809 65.0 15.1 

12-A4 08/16/2012 6.4 0.595 25 PSI/Volt; -14.7 to 50 PSIG 378352 5031816 63.8 22.1 

13-A5 05/16/2013 10 0.587 25 PSI/Volt; -14.7 to 50 PSIG 378350 5031793 65.2 -0.3 

13-A6 05/15/2013 10 0.573 25 PSI/Volt; -14.7 to 50 PSIG 378354 5031809 65.0 15.3 

13-A7 05/15/2013 15.6 0.573 25 PSI/Volt; -14.7 to 50 PSIG 378355 5031809 64.9 15.0 

13-A8 05/16/2013 1.75 0.573 25 PSI/Volt; -14.7 to 50 PSIG 378350 5031853 53.7 58.8 

13-A9 05/16/2013 0.3 0.580 25 PSI/Volt; -14.7 to 50 PSIG 378347 5031848 52.4 54.7 

13-A10 05/16/2013 5 0.581 25 PSI/Volt; -14.7 to 50 PSIG 378365 5031764 65.3 -31.2 
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Figure B.1: CPT13-05 pore pressure dissipation tests in the upper clay (8 mbgs) and lower 

clay (13.2 mbgs) using a 5 cm
2
 penetrometer. 
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Figure B.2: CPT13-10 pore pressure dissipation tests in the upper clay (8.6 mbgs) and lower 

clay (13.7 mbgs) using a 10 cm
2
 penetrometer. 
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Figure B.3: CPT13-12 pore pressure dissipation tests in the upper clay (8.2 mbgs), lower 

clay (13.3 mbgs) and till deposit (13.95 mbgs) using a 15 cm
2
 penetrometer. 


