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Abstract 

Champlain Sea clay is a sensitive marine clay deposited within the St. Lawrence lowlands during 

the later stages of the Wisconsin glaciation. The sensitive clay has been known to transform from 

a relatively brittle material to a liquid mass when subjected to shear distortion. As a result, large-

scale retrogressive landslides are common within natural slopes in Eastern Ontario and Quebec.  

Multiple retrogressive failures have been observed along the slopes of the Mud Creek river valley, 

however, these failures display rather unique behaviors, involving limited retrogressive distances, 

and episodic retrogressive events. The mechanisms involved with these failures are not yet 

adequately understood. Therefore, a laboratory testing program was initiated to place the 

geotechnical properties of the Champlain Sea clay deposits at Mud Creek in context with those of 

more renowned large-scale retrogressive events. Results of this study indicate that the Mud Creek 

field site is heavily overconsolidated, and that strength properties at Mud Creek are similar to those 

of large-scale retrogressive failures. As such, it is concluded that the small heights of the river banks 

at Mud Creek, in combination with relatively high undrained shear strengths, do not allow for 

undrained conditions to develop after initial failure events. Therefore, retrogression at Mud Creek 

can be described as a series of drained failures, the frequency of which is determined by the seasonal 

shear deformations caused by elevated total heads induced by spring thaws.  

To understand the groundwater regime at Mud Creek, hydrogeological modelling was conducted 

on two separate spring melt events. These models successfully match the in-situ field measurements 

(±30mm) for two separate geometries while maintaining all material properties constant and 

varying only the magnitude of infiltration. Investigations into potential triggering mechanisms 

indicated that instances of two rapid snowmelts, separated by less than two weeks, resulted in a 

worst case scenario for slope stability. This triggering mechanism was observed to be present prior 

to the retrogressive failure events at Mud Creek in 2012 and 2013.  
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Chapter 1 

Introduction 

1.1 Champlain Sea clay and landslides in the Ottawa region 

1.1.1 Champlain Sea clay 

Champlain Sea clay is a highly sensitive clay deposited between 12,000 and 10,000 BP under the 

marine environment of the Champlain Sea, which invaded the St. Lawrence and Ottawa valleys 

upon the retreat of the Laurentide Ice Sheet during the later stages of the Wisconsin glaciation 

(Eden and Crawford, 1957; Crawford, 1968; Sangrey and Paul, 1971, Quigley, 1980; Hugenholtz 

and Lacelle, 2004). The composition of Champlain Sea clay is dominated by minerals derived from 

the Canadian Shield (Eden and Crawford, 1957; Crawford 1968; Quigley, 1980), although its grain-

size distributions are highly dependent on the timing and environment of deposition (Fransham and 

Gadd, 1977). Initially, the clays associated with the Champlain Sea were deposited under a saline 

environment. However, a major re-deposition from marine clay to freshwater clay is understood to 

have occurred within the Ottawa region as a result of a sudden influx of freshwater into the 

Champlain Sea (Eden and Crawford, 1957; Gadd, 1962, Crawford, 1968, Fransham and Gadd, 

1977). Deposition slowly came to an end as crustal isostatic rebound began to raise the region above 

sea levels, causing the expulsion of the Champlain Sea, at which time the overlying freshwater clay 

was exposed to the atmosphere and subsequent weathering and erosion (Sangrey and Paul, 1971; 

Quigley, 1980). Due to its geological history, undisturbed Champlain Sea clay has an open 

structure, held together by cementation bonds (Crawford, 1968; La Rochelle and Lefebvre, 1971). 

It is reasoned that the cementation bonds, in conjunction with slow rates of deposition, allowed the 
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clay to support increasing overburden pressures without incurring a significant reduction in void 

ratio or water content (Crawford, 1963; Quigley, 1980). Therefore, the in-situ water content is often 

observed to exist in excess of the liquid limit (Eden and Crawford, 1957; Sangrey and Paul, 1971; 

Quigley, 1980). The open structure and bonded nature of Champlain Sea clay makes it sensitive to 

strains that may destroy the bonds between particles, making it susceptible to transformation from 

a relatively brittle material to a liquid mass (Crawford, 1968; La Rochelle and Lefebvre, 1971). As 

a result, landslides within Champlain Sea clay deposits are prone to flow sliding and significant 

distances of retrogression, which can have devastating social and economic impacts (Lo and Lee, 

1974; Mitchell and Markell, 1974; MTQ, 2011).  

1.1.2 Landslides in Champlain Sea clays 

Landslides have played an important role in the geomorphic development of landscapes in Eastern 

Canada, with numerous slope instabilities occurring within valleys created through localized 

erosion and down-cutting from rivers and streams (Sangrey and Paul, 1971; Lefebvre, 1986; 

Hugenholtz and Lacelle, 2004). An inventory of landslide activity conducted by Hugenholtz and 

Lacelle (2004), indicates that the Green’s Creek and Mud Creek watershed is particularly unstable, 

as at least 52 landslides were observed in aerial photos between 1928 and 2001. Landslides in this 

region are generally dominated by simple rotational slides (75%), although retrogressive rotational 

slides (13%), flow slides (8%), and translational slides (4%) were also noted. Of these types of 

landslides, retrogressive rotational slides and flow slides are considered to be the most hazardous, 

as they typically occur with little warning and can retrogress a significant distance over a short 

period of time (within hours or days), while covering areas in excess of 1 ha (10,000 m2) (Mitchell 

and Markell, 1974; Locat et al., 2011). However, the retrogressive rotational slides located along 

the slopes and river banks of Mud Creek are observed to display a rather unique retrogressive 
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behaviour. As the retrogressive events within the region have been observed to display prolonged 

periods of suspension (years to decades), prior to reactivation. Additionally, these retrogressive 

slides have been observed cover smaller areas (>0.5 ha), and retrogress significantly shorter 

distances than other more renowned landslides in Champlain Sea clay (Mitchell and Markell, 1974; 

Hugenholtz and Lacelle, 2004). The mechanisms governing this unique and episodic retrogressive 

behaviour are not yet adequately understood. As such, a case study has been undertaken on an 

active retrogressive landslide at Mud Creek, in order to characterize the geotechnical properties 

and groundwater regime associated with Champlain Sea clay deposits in the area. 

1.1.3 Groundwater regime in Champlain Sea clay deposits 

Previous investigations into the hydrogeology of Champlain Sea clay deposits (Lafleur and 

Lefebvre, 1980; Lefebvre, 1986) have indicated the groundwater regime continually evolves 

throughout the deepening of the river valley. This behavior is linked to the influence of a permeable 

underlying till layer present under most Champlain Sea clay deposits in Eastern Canada. Due to the 

permeability contrast between the two deposits, artesian conditions are typically observed in the 

till aquifer. These artesian conditions have the potential to create destabilizing upward gradients, 

depending on the relative elevation of the till layer to the toe of the slope. Lefebvre (1986) thus 

developed a generalized model of valley formation in Champlain Sea clays, in which the stages of 

valley development (early, intermediate, and late) were related to the location of the creek bed and 

the underlying till. In general, the most critical stability conditions are seen to develop when the 

river bed approaches the permeable till layer (intermediate phase), but is not close enough to allow 

the till to freely discharge into the river, as these conditions are seen to favor larger deep seated 

landslides. The most favorable stability conditions develop during the late phase of valley 
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development, as the till layer is allowed to freely discharge into the river, resulting in conditions 

that favor shallower surficial landslides (Lefebvre, 1986).  

1.2 Previous Work 

A location of interest along Mud Creek was selected for monitoring by Queen’s University in 2008. 

Observed pre-failure conditions at the time of selection were indicative of a landslide in a 

suspended state (Potvin, 2013), and highlighted the potential for future instability at the site. Since 

2008, surficial movements, toe erosion, slope deformations and displacements have all been 

monitored through aerial photogrammetry and various surveying methods (Foster and Take, 2011; 

Potvin, 2013). Two major retrogressive events have occurred at the field site since monitoring 

commenced; a failure in March 2012, and a failure in April 2013. The post-failure aerial 

photogrammetry surveys and resulting digital elevation models (DEMs), have detailed the slope 

deformations and ground surface elevations associated with both failure events. The local 

stratigraphy at the site has also been established through the use of cone penetration testing (CPT), 

which outlined the presence of four main stratigraphic units; a desiccated surficial crust, an upper 

clay deposit, a lower clay deposit and an underlying unit of glacial till. A long-term hydrogeological 

monitoring program was also initiated by Potvin (2013) during the summer of 2012, following the 

first major landslide event, with additional piezometers installed in 2013. As a result, the in-situ 

pore pressure distribution is known, within 10 minutes of the 2013 failure event. This research thus 

presents a unique opportunity to conduct in-depth finite element analyses at the site, due to the 

knowledge of slope stratigraphy, slope geometry, and in-situ pore pressure distributions prior to 

the retrogressive failure event.    
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1.3 Objectives 

The goal of this research program is to perform an in-depth characterization of the various 

Champlain Sea clay deposits at the Mud Creek field site, and to conduct hydrogeological modelling 

of field pore pressure measurements from the long-term monitoring program initiated by Potvin 

(2013). To achieve this goal, the following specific objectives have been set for the research; 

1. Plan and execute a sampling program at Mud Creek, to obtain high quality tube samples 

from all deposits associated with the Champlain Sea, for the purpose of laboratory testing.   

2. Plan and execute a laboratory testing program to characterize the Champlain Sea clay 

deposits at Mud Creek, and place their geotechnical properties in context with large-scale 

retrogressive landslides. 

3. Conduct finite element analyses on field pore pressure measurements from the Potvin 

(2013) long-term monitoring program, with emphasis on modelling the pore pressure 

regimes associated with the springs of 2013 (failure) and 2014 (no failure). 

1.4 Organization of thesis 

The thesis has been prepared in manuscript format in accordance with the regulations of the School 

of Graduate Studies at Queen’s University. Chapter One provides a general introduction to the 

research. Chapter Two, “Soil Characterization of Champlain Sea Clay at Mud Creek, Ottawa” 

describes the characterization of Champlain Sea clay deposits involved in a retrogressive landslide 

at Mud Creek, highlighting the results and procedures associated with multiple laboratory tests. 

Chapter 3, “Hydrogeological Modelling of the Groundwater Regime at Mud Creek, Ottawa” 

describes the idealization of a series of finite element models, highlighting the presence and validity 

of simplifying assumptions. Results of the hydrogeological models are compared to in-situ field 
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measurements, during periods of interest, from a long-term monitoring program implemented by 

Potvin (2013). Chapter Four provides the overall conclusions of the research described above, 

summarizing the findings of Chapter two and Chapter three. 
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Chapter 2 

Soil Characterization of Champlain Sea Clay at Mud Creek, Ottawa 

2.1 Introduction 
 

Landslides in Champlain Sea clays are a common occurrence along the river valleys and natural 

slopes of Eastern Canada (Eden and Mitchell, 1970; Hugenholtz and Lacelle, 2004). This 

susceptibility and predisposition to retrogressive landslides is of serious consequence, as 

Champlain Sea clay deposits are located within some of the most industrial and populated regions 

of Ontario and Quebec (Law and Bozozuk, 1988). Retrogressive landslides are of particular 

concern in these regions as they have been known to cover areas in excess of 1 ha (10,000 m2), 

involve a substantial amount of material (>200,000 m3), and retrogress significant distances (>200 

m) within hours or days of their initial failures (Tavenas et al. 1971; Mitchell and Markell, 1974; 

MTQ, 2011; Locat et al, 2014). The watershed consisting of Mud Creek and Green’s Creek near 

Ottawa, is considered an especially active region with respect to landslide activity, as a recent 

inventory conducted by Hugenholtz and Lacelle (2004) indicates that at least 52 landslides occurred 

between 1928 and 2001. The majority of these reported landslides have been classified as simple 

rotational failures, although numerous retrogressive rotational landslides were documented along 

the river banks of Mud Creek. However, these retrogressive landslides exhibited rather unusual 

behaviour, in which prolonged periods of retrogression, and episodic failures events were observed 

for up to 30 years after the initial failure (Hugenholtz and Lacelle, 2004). Additionally, these 

episodic failures were observed to exhibit shorter retrogressive distances (<40 m), while covering 

smaller areas (<0.5 ha) and involving considerably less material (>28,000 m3) than typical 

retrogressive landslides in Champlain Sea clays.   
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Understandably, the majority of work on landslides in Champlain Sea clay deposits has focused on 

characterizing the material properties, failure mechanisms, and behaviours associated with large-

scale retrogressive landslides, such as the 1971 South Nation River landslide (Eden et al, 1971; 

Durand et al, 2015), the 1971 St. Jean-Vianney landslide (Tavenas et al. 1971), the 1993 Lemieux 

landslide (Evans and Brooks, 1995; Locat et al, 2015), the 1994 St. Monique landslide (Locat et al, 

2014), and the 2011 St. Jude landslide (MTQ, 2011). The retrogressive behaviour of large-scale 

landslides such as these has been investigated through both empirically derived correlations based 

on the undrained strength of the clay (Mitchell and Markell, 1974) and the concepts of progressive 

failure (Locat et al, 2011; Quinn et al, 2012). Therefore, the episodic nature of failures at Mud 

Creek presents a unique opportunity to investigate and contrast the material properties and 

behaviours of large and small scale retrogressive landslides. As such, the objective of this chapter 

is to conduct an in-depth characterization and geotechnical assessment of the Champlain Sea clay 

deposits at Mud Creek, so that they may be placed in context with those of large-scale retrogressive 

landslides.  

 

2.1.1 Champlain Sea Clay 

 

Champlain Sea clay, also known as Leda clay, is a sensitive clay within the St. Lawrence lowlands, 

deposited between 12,000 and 10,000 Before Present (BP) during the later stages of the Wisconsin 

continental glaciation, when glaciers withdrew from the region (Eden and Crawford, 1957; Sangrey 

and Paul, 1971; Quigley, 1980). During this period, the Ottawa Valley was depressed over 200 

meters below its present elevation (Crawford, 1968; Sangrey and Paul, 1971), allowing marine 

waters to invade the region, thereby forming the Champlain Sea. Deposition continued until the 
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subsequent isostatic rebound of the Ottawa and St. Lawrence Valleys prompted the expulsion of 

water from the Champlain Sea, establishing drainage paths and leading to the progressive erosion 

and down cutting of river valleys (Sangrey and Paul, 1971). The composition of Champlain Sea 

clay is dominated by minerals such as illite, quartz, feldspar, amphibole, mica and chlorite derived 

from the Canadian Shield (Eden and Crawford, 1957; Crawford, 1968; Quigley, 1980). It is 

generally understood that undisturbed Champlain Sea clay has an open structure held together by 

cementation bonds, making it sensitive to shear distortion (La Rochelle and Lefebvre, 1971; 

Mitchell and Klugman, 1979; Quigley, 1980). As a result Champlain Sea clay exhibits extreme 

strain softening behaviour, which can cause it to transform from a relatively brittle material into a 

liquid mass when disturbed (Crawford, 1968; La Rochelle and Lefebvre, 1971). Champlain Sea 

clays are well-known for their sensitivity (i.e. ratio of undisturbed shear strength to remoulded 

shear strength), as sensitivity values, S, have been observed in the low (S<8), high (S>30), and even 

quick clay (S>50) sensitivity ranges, as defined by Rankka et al. (2004) (Hugenholtz and Lacelle, 

2004). Generally, sensitivity in a Champlain Sea clay deposits is thought to be highly dependent 

on the timing and environment of deposition, and as a result, can vary significantly between 

different locations and stratigraphic units.   

 

2.1.2 General Stratigraphy of the Ottawa Region 

 

A synthesis of borehole logs completed by Fransham and Gadd (1977), revealed that the general 

stratigraphy within the Ottawa region consisted of the following units: a glacial till deposit (grading 

from gravel, to sand and silt), a freshwater varved clay deposit, a dark grey marine clay deposit, a 

deposit of red-grey banded freshwater clay, and where applicable, a layer of interbedded silt and 

clay overlain by a surficial sand crust. 
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In certain locations, the freshwater varved clay unit occupies the base of the sequence above the 

glacial till. This unit is generally not present at the ground surface and is typically at most, a few 

meters thick (Fransham and Gadd, 1977). Due to its varved nature, it is assumed that it was 

deposited in a glacial freshwater lake, under the influence of glacial ice melt (Fransham and Gadd, 

1977; Quigley, 1980). As such, the varved clay to silt facies are considered a representation of the 

variation in the energy and turbidity of the depositional environment over the course of a year, with 

a single varve representing a full year of deposition, consisting of a layer of summer silt, and a layer 

of winter clay (Quigley, 1980). Due to the freshwater nature of this clay deposit, and its relatively 

low (≈1) liquidity index, this unit does not exhibit high degrees of sensitivity.   

 

The deep water marine clay is believed to have been deposited over the freshwater varved sequence, 

upon the complete transgression of the saline Champlain Sea (Fransham and Gadd, 1977; Quigley, 

1980). The saline waters of the Champlain Sea are believed to have mixed with the pre-existing 

glacial freshwater lakes, resulting in a significant increase in salinity (Quigley, 1980). The rapid 

transition from freshwater varved clay to deep water marine clay is distinctly evident according to 

Fransham and Gadd (1977), and thus reinforces the notion of a major change in depositional 

environment. Sediments in this marine clay unit are noted to be dark grey and homogenous, often 

streaked or mottled with sulphurous black material (Fransham and Gadd, 1977). The thickness of 

the deposit has been observed to range between 3 and 30 meters (Fransham and Gadd, 1977). 

Geochemical analyses of the pore fluid from this layer, exhibit higher quantities of sodium and iron 

compared to the overlying freshwater clay deposit (Sangrey and Paul, 1971). As a result, the clays 



 

13 

 

in this region are considered extremely sensitive, with sensitivities of over 100 previously noted by 

Sangrey and Paul (1971). 

 

The saline marine environment of the Champlain Sea is understood to have existed until 

approximately 10,400 BP, at which time it is hypothesized (Gadd, 1962) that a major influx of 

freshwater (from the Great Lakes) resulted in a significant decrease in salinity.  This influx of 

freshwater led to significant erosion of the marine clay unit, reworking the material and 

subsequently redepositing it in a freshwater environment (Crawford, 1968; Sangrey and Paul, 

1971). However, it is generally assumed that the “freshwater” clays maintained an open flocculated 

structure during re-deposition as a result of the continued presence of residual cations between clay 

particles (Crawford, 1968). This freshwater clay deposit is the most abundant unit in the Ottawa 

area, and is observed to vary between 13 and 50 meters thick (Fransham and Gadd, 1977). Similar 

to the varved clay unit, the red-grey colour and textural banding of this freshwater clay, represents 

the seasonal variations in materials and seasonal fluctuations in currents over the course of a year 

of deposition (Fransham and Gadd, 1977). Analyses of pore water chemistry within this unit display 

lower levels of sodium and higher levels of calcium and magnesium than the marine clay deposit 

(Sangrey and Paul, 1971). As a result of this decreased salinity, the sensitivity of this unit is often 

significantly less than that of the marine clay. 

 

2.2 Mud Creek Field Site 
 

In 2008, a small section of Mud Creek, located just east of Ottawa (Figure 2.1 and Figure 2.2), was 

selected as a field research site with the objective of monitoring the pre-failure deformations and 

seasonal pore pressure distributions associated with the episodic failure events described in the 
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region by Hugenholtz and Lacelle (2004). The site consists of an 11 meter high slope, residing 

along the outer bend of the meandering creek (Potvin, 2013), and was selected due to existing pre-

failure conditions at both the base and crest of the slope. Localized river erosion was observed to 

cause small localized failures at the base of the slope (Take and Foster, 2011), while a 1 meter high 

scarp was visible at the crest of the slope (Potvin, 2013). Additionally, the presence of two landslide 

scars bounding either side of the site illustrated the precedent of retrogressive failures at this 

location and reinforced the potential for future movement at the site (Foster and Take, 2011).   

2.2.1 Previous Work 

 

The first instrumentation at the site consisted of surface deformation monitoring points installed in 

2008. Displacements of these monitoring points were measured through the use of aerial 

photogrammetry, and terrestrial total station and GPS surveys. The potential landslide mass was 

captured using aerial photogrammetry from high resolution images obtained originally from a 

tethered blimp (Foster and Take, 2013) and subsequently by an Unmanned Aerial Vehicle (UAV) 

(Potvin, 2013). Orthophotos and high density 3D point clouds were generated from the overlap 

between these high resolution images allowing for yearly comparisons of displacements and slope 

deformations (Bentley, 2015).  

 

No significant deformation of the slope was observed to have occurred during the first two years 

of monitoring, however, continued progressive creek erosion was observed to result in further 

localized failures at the toe of the slope in 2011. These localized failures may have been a potential 

precursor to the first major landslide of the monitoring period in March 2012. The 2012 failure 

scarp was 13 meters wide, and retrogressed approximately 20 meters from the toe of the slope. 

Much of the remoulded material resulting from this landslide flowed out of the crater, causing the 
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temporary damming of the creek, and forcing the creek to incise a new path through the debris, 

resulting in the displacement of the creek bed (Potvin, 2013). Approximately 1 year later in April 

2013, a second failure occurred, and the slide retrogressed another 10 meters, reaching the initial 

backscarp first observed by Foster and Take (2011). The full progression of the landslide is 

displayed in Figure 2.3. Since the April 2013 slide, further large-scale landslide activity at the site 

has been suspended. However, recent surveys of the surface monitoring points, have revealed that 

the slope is still migrating towards the creek (Bentley, 2015), suggesting that progressive failure is 

continuing with the potential for further retrogression in the coming years. 

 

Multiple cone penetrometer tests (CPTs) were conducted by Potvin (2013) to define the 

stratigraphy of the field site. Results of these tests indicated that the field site could be divided into 

four main stratigraphic units: a weathered crust, an upper clay deposit, a lower clay deposit and a 

unit of glacial till, as seen in Figure 2.4. The weathered crust at Mud Creek has developed due to 

the lack of a surficial sand layer. This crust unit is considered to be strongly fissured as a result of 

desiccation and exposure to freeze-thaw cycles (Eden and Mitchell, 1970). The thickness of this 

unit is observed to be between 2.5 and 3 meters, and is typically representative of the approximate 

fluctuation in seasonal water tables (Eden and Mitchell, 1970). The upper clay layer at Mud Creek 

is approximately 9 meters thick, and is characterized by a steady increase in tip resistance with 

depth. This unit is observed to transition very suddenly into the lower clay unit, as characterized 

by the dramatic decrease in tip resistance at approximately 11 meters below the ground surface. 

The lower clay unit is approximately two to three meters, and is inclined at an angle of 

approximately 2-2.5° to the horizontal, and gradually thins as it reaches the creek (Potvin, 2013). 

The results from the cone penetration tests suggest that this unit is weaker than the overlying upper 
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clay deposit. The till unit below the lower clay has no association with the Champlain Sea 

(Fransham and Gadd, 1977). Tip resistance in this region is seen to be highly variable, suggesting 

a poorly sorted material (Potvin, 2013). As this unit is of limited significance to this case study, its 

soil characteristics will not be investigated in this chapter.  

 

2.3 Sampling Program 
 

A sampling program was undertaken in November 2014 to acquire high quality samples from all 

units (save the glacial till) for the purpose of advanced laboratory testing. Samples were collected 

from a single borehole (Figure 2.3) in close proximity to the location of CPT13-07 from Potvin 

(2013), to ensure an accurate estimation of stratigraphy with depth. In total, 10 samples were 

collected over the course of two days: one from the lower reaches of the crust layer, six from 

varying depths within the upper clay unit, and three from the lower clay unit. The approximate 

depth of each sample is highlighted later in Figure 2.9. 

 

2.3.1 Sampling Procedure 

 

The effects of sample disturbance on advanced laboratory test results on sensitive clays are well 

documented by La Rochelle and Lefebvre (1971). Sample disturbance in sensitive clays are 

generally attributed to two factors: the release of ground stresses, and the strains produced by the 

intrusion of a sampling tube into the soil mass, both of which can result in the de-structuring of a 

structured clay (DeGroot et al, 2008) and significantly influence the properties measured in 

laboratory testing. In order to overcome these effects and ensure high-quality samples were 

obtained, sampling was conducted in accordance with the recommended practices for sampling in 

sensitive clays outlined by DeGroot et al, (2008). 
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Due to the location and limited accessibility of the field site, a track rig equipped with mud rotary 

drill casings was used for sampling, as seen in Figure 2.5. Upon advancement through the first 

meter of crust, a shallow surface casing was installed in order to set the borehole. Open-hole drilling 

was conducted over the remaining depth, as it was assumed that the cohesion of the surrounding 

soil, in addition to the weighted drilling mud, would be sufficient in preventing the borehole from 

collapsing in onto itself. The weighted drilling mud (Bariod DD2000) was mixed to a weight 

of 1.2𝛾𝑤, and was used to prevent stress relief at the base of the borehole by simulating the total 

vertical effective stress of previously removed overburden.  A downward discharge tri-cone drill 

bit with jet diffusion (Figure 2.6) was used to advance the borehole depth. To mitigate any effects 

of sample disturbance from the downward discharge of the drill bit, the rate of advancement and 

mud circulation were reduced when approaching the sampling depth. Once the target depth was 

achieved, the mud was circulated until it was clear of cuttings, and sampling was initiated. 

 

Samples were taken through the use of a fixed piston sampler and sharpened thin walled Shelby 

tubes (Figure 2.7). The use of a fixed piston is essential for achieving high quality tube samples 

(DeGroot et al., 2008), as the piston prevents debris from entering the tube as it is advanced to the 

sampling depth, and controls the entry of soil during sampling. It is generally recommended (La 

Rochelle and Lefebvre, 1971; DeGroot et al., 2008) that in the absence of block sampling, Shelby 

tubes with sharp cutting edges (5 to 10°), small area ratios (AR<10%), and zero inside clearance 

ratios (ICR) be used for sampling. As such, Shelby tubes with an outer diameter (OD) of 73.1 mm, 

an interior diameter (ID) of 69.4 mm, and a 10° cutting angle were utilized for sampling. In order 

to facilitate sample storage and prevent the possibility of rusting along the sample/tube periphery, 
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a rust proof coating was applied to each tube. All tubes were 30 inches in length, allowing for a 

potential of 24 inches of soil recovery. Of this, approximately 18” of soil was suitable for advanced 

laboratory testing, as the effects of sample disturbance are magnified within 1 to 1.5 times the tube 

diameter at either end (DeGroot et al., 2008). Tubes were lowered to desired depths through use of 

actuating rods, at which point a 24” push was completed to obtain the sample. Upon completion of 

the push, tubes were left for 10 minutes, prior to being rotated twice and extracted. Once extracted 

the tubes were cleaned and capped at both ends with a mixture of paraffin wax and petroleum jelly 

(Figure 2.8). In order to provide the necessary space for the wax seal at the base of the tube, a small 

section of sample (approximately one cm) was removed (Figure 2.8). Waxing both ends of the tube 

is imperative to proper sample storage, as it prevents the sample from drying thereby maintaining 

its in-situ water content.  

 

2.4 Laboratory Testing Program 

 

2.4.1 Soil Index Testing 

 

Grain Size Analysis: 

 

Grain size analyses were conducted through hydrometer testing on samples from all clay units at 

Mud Creek. Grain size distributions often provide considerable insight into the geological 

environment present at the time of deposition. For instance, a predominance of clay sized particles, 

typically indicates high clay mineral content deposited under still conditions far from shore (Paul, 

1970). Higher quantities of silt particles, in contrast, tend to suggest that larger sized materials were 

deposited under more turbulent conditions, as clay particles remained in suspension (Paul, 1970). 

Therefore, quantifying the difference in grain size distribution between the various deposits at Mud 
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Creek will provide further insight into the general stratigraphy determined through CPT 

investigations conducted by Potvin (2013).  

 

Grain size analyses were conducted in accordance with the procedure outlined in the ASTM 

standard D422-63: Standard Test Method for Particle Size Analysis of Soil. A 152H hydrometer 

conforming to the specifications outlined in D422-63 was used for this analysis, and the general 

procedure is described below. 

 

1. Samples were air dried, before a mass of approximately 50g was weighed and thoroughly 

mixed with 125 mL of sodium hexametaphosphate solution (40 g/L). The samples were 

then left to soak for a period of at least 16 hours. 

2. Samples were then dispersed further with the use of a blender for approximately 1 minute, 

to form a slurry. 

3. After dispersion, the samples were transferred into graduated cylinders and distilled water 

was added until the total cylinder volume was 1000 mL. Samples were then dispersed for 

an additional minute as the cylinders were agitated end over end. 

4. Initial readings were taken over a period of 4 minutes, prior to the slurry being re-agitated, 

to ensure the accuracy of these early readings. This process was completed at least twice 

(depending on the repeatability of the initial readings) before a final agitation was 

conducted, and the full test was initiated. 

5. Readings were taken at the following intervals (in minutes): 0.5, 1, 2, 3, 4, 8, 15, 30, 60, 

120, 240, 480, 600, 720 and 1440 minutes. 
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6. Correction factors were applied to account for the density of the hexametaphosate 

dispersing agent, the variation in temperature, and for meniscus correction. Hygroscopic 

moisture correction factors were also applied when determining the dry mass of each 

sample. 

 

Results of the hydrometer tests are expressed in Figure 2.9, in terms of percent finer, according to 

the particle sizes defined by the MIT Soils Classification System. The upper clay is observed to 

exhibit the red-grey colour and textural banding associated with the freshwater clay deposit 

described by Fransham and Gadd (1977). This unit is generally composed of more than 75% clay 

(<0.002mm) with the remaining particles ranging from fine to medium grade silt (0.02 to 0.002 

mm). As the red banded silt sequences in this freshwater clay unit are generally less than 10 mm 

thick, and often spaced over 50 mm apart, it can therefore be expected that a higher concentration 

of clay particles would exist in this unit. Soil from the lower clay unit was observed to be dark grey 

and homogenous, while displaying the mottled black sulphurous streaks associated with the marine 

clay, as described by Fransham and Gadd (1977). Interestingly, it is this lower marine clay unit 

which was supposedly deposited in a deep water environment that exhibits a higher percentage of 

silt particles. The clay content of this lower marine clay unit is observed to be generally less than 

70%, with a clay fraction as low as 57% observed in sample B1-9. The difference in the grain size 

distribution between the upper freshwater and lower marine clay units is perhaps better represented 

in Figure 2.10, through a direct comparison of the hydrometer results from two lower clay samples 

and two upper clay samples.  
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The results from the hydrometer analyses are generally consistent with those expressed in literature 

within the Green’s Creek region with Eden and Crawford (1957) having observed clay contents 

varying between 66% and 71% in the upper freshwater sequence, and between 58% and 66% in 

the lower marine clay. Similarly, Paul (1970) and Sangrey and Paul (1971) reported clay contents 

between 60% and 70% in the freshwater deposit and 51% in the marine clay deposit. The results 

presented above, along with the lack of a noticeable transitional zone between the two clays, 

observed in CPT analyses by Potvin (2013), present strong evidence to reinforce the notion 

proposed by Gadd (1962) that a quick and sudden change in depositional environment occurred 

within the Champlain Sea.  

 

Natural Water Content and Atterberg Limits: 

 

Atterberg limit tests determine the liquid (𝑤𝐿) and plastic limits (𝑤𝑝) of a fine-grained soil, thereby 

indicating both its clay mineralogy and limiting states (Atkinson, 2007). The liquid limit is defined 

as the state in which the soil begins to flow like a liquid, while the plastic limit is defined as the 

point at which a soil ceases to be plastic and becomes brittle (Atkinson, 2007). Undisturbed 

Champlain Sea clay is characterized by an open flocculated structure due to its depositional history 

(Crawford, 1963). This open structure results in naturally high void ratios, and increased water 

contents, which are observed to exist in excess of the liquid limit. This relationship dictates that 

undisturbed Champlain Sea clays typically exist above their limiting state, resulting in a liquidity 

index greater than one. 
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Atterberg limits were determined in accordance with procedures outlined in ASTM Standard 

D4318-10: Standard Test Method for Liquid Limit, Plastic Limit and Plasticity Index of Soils. The 

general procedure followed for Atterberg limit testing is outlined below. 

 

1. Liquid limits were determined through the multipoint liquid limit method by use of a 

Casagrande cup. The cup was rotated at a rate of approximately 2 drops per second until a 

groove closure of 13 mm was evident. 

2. This process was repeated until at least 4 points with varying water contents and blow 

counts were achieved. 

3. Plastic limits were conducted through the use of the hand method. A small mass of soil 

was rolled against a glass plate, until a thread with a diameter of 3.2 mm was achieved. 

4. This process was repeated until a thread of 3.2 mm was no longer achievable, with the soil 

experiencing brittle failure and crumbling when rolled. Multiple iterations of this process 

were performed until at least 6 grams of soil was obtained in two containers. 

 

Liquid limits and plastic limits within the upper clay display minimal variability with depth (Figure 

2.9), indicating a generally consistent deposit. The liquid limits and natural water contents are 

observed to range between 65% and 72%, with plastic limits of 25%. A distinct reduction in both 

in-situ water contents and liquid limits are observed within the lower clay unit, although the plastic 

limit remained relatively consistent with that of the upper clay. The liquid limits in the marine clay 

were quantified between 33% and 47%, with in-situ water contents ranging from 53% to 58%, as 

displayed in Figure 2.9. As a result of the increased differential between natural water contents and 

liquid limits, it appears that the lower marine clay exists well above its limiting state, exhibiting 
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liquidity indexes between two and three. The results outlined above are consistent with 

investigations conducted by Paul (1970) at multiple sites within the Green’s Creek Valley, although 

the increase in liquidity index within the lower marine clay observed by Paul (1970) was even more 

prominent.   

 

Specific Gravity: 

 

Specific Gravity (𝐺𝑠) is the ratio of the weight of soil solids to the weight of water of equal volume 

(Budhu, 2007). The specific gravity is determined by the mineral composition of a soil, and is often 

used in the calculation of phase relationships, such as void ratio and degree of saturation (ASTM 

D854, 2014). Specific gravity was determined in accordance with the procedure outlined in ASTM 

Standard D854: Standard Test Methods for Specific Gravity of Soil Solids by Water Pycnometer. 

The general procedure is described below.  

 

1. Prior to testing, three pycnometers were calibrated to determine their mass and volume. 

Mass was determined a total of five times to the nearest 0.01g, while ensuring a standard 

deviation of ≤ 0.02g.  

2. Pycnometers were filled with deaired water and placed in an insulated chamber overnight 

to reach thermal equilibrium. The mass of the pycnometers and water were determined to 

the nearest 0.01g, and temperature was recorded to the nearest 0.1°C. This process was 

also repeated five times to compute the calibrated volume of each pycnometer, and ensure 

a standard deviation of < 0.05mL. 
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3. Samples for specific gravity were prepared using Method A (Moist Specimens). Water 

contents were determined using ASTM Standard D2216. Once water contents were 

determined, a mass of soil equivalent to a dry mass of 50±10g was prepared for testing. 

4. Soils were dispersed in a blender with approximately 100 mL of deaired water to form a 

slurry prior to being transferred into the pycnometer. 

5. Entrapped air was then removed from the slurry by a combination of vacuum and heat. 

The pycnometer was placed in a warm water bath maintained at 30°C and was left under 

a vacuum for at least 1 hour after boiling. 

6. Once the slurry was thoroughly deaired, the pycnometer was filled with deaired water to 

the calibration mark and placed in the insulated chamber overnight to reach thermal 

equilibrium. 

7. The mass of the pycnometer and temperature of the mixture were measured the next 

morning to the nearest 0.01g and 0.1°C respectively. The mixture was then transferred to 

a pan and dried (at 110°C), until the dry mass of the specimen could be determined, and 

the specific gravity could be calculated. 

 

Minimal variation is observed between the specific gravity of the upper and lower clay deposits at 

Mud Creek, as results consistently ranged from 2.84 to 2.87 (Figure 2.9). This range is in general 

agreement to the values determined by Crawford (1963) and Fransham and Gadd (1977), as both 

reported values of approximately 2.80 across all the major stratigraphic units associated with the 

Champlain Sea. The lack of variability in specific gravity between the various units is most likely 

attributed to the fact that each deposit is derived from the Canadian Shield, and is therefore 

composed of similar minerals, regardless of the geological environments present during deposition. 
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Additionally, the elevated values of specific gravity, can also be explained in reference to the 

mineral composition, as most of the minerals derived from the Canadian Shield have specific 

gravity values at or above 2.7 (Schumann, 2008; Klein and Philpotts, 2012). 

 

2.4.2 Controlled Rate of Strain (CRS) Consolidation Testing 

 

Preconsolidation pressure (𝜎𝑝
′ ) is a measurement of the yield point of a soil during one-dimensional 

loading, and is generally indicative of the maximum vertical effective stress previously experienced 

by a soil deposit. An understanding of the preconsolidation pressures and OCRs in a deposit are 

often key parameters in design (Demers and Leroueil, 2002), as they govern settlement analyses 

and define the point at which deformations transition from elastic (and mainly recoverable) to 

plastic (non-recoverable) (Mitchell, 1970). Knowledge of preconsolidation pressure and OCR is 

especially important when dealing with structured sensitive clay deposits, as the collapse of the 

cementation bonds associated with its structure leads to a very abrupt change in compressibility 

and inflection on a stress-strain curve in the vicinity of their preconsolidation pressure during one 

dimensional consolidation (Mitchell, 1970). Controlled rate of strain (CRS) consolidation testing 

was conducted on samples from the Mud Creek field site in order to characterize the 

preconsolidation pressure profile and the corresponding overconsolidation ratios at Mud Creek. 

Additionally, CRS tests can be used to evaluate levels of sample disturbance, as indicated by Lunne 

et al. (2006), by quantifying the change in sample deformation upon return to in-situ stress levels. 

 

The CRS consolidation tests were performed at the University of Massachusetts Amherst. All tests 

were conducted in accordance with ASTM Standard D4186: Standard Test Method for One-

Dimensional Consolidation Properties of Soils Using Controlled-Strain Loading and Sandbakken 



 

26 

 

et al, (1986). The tests were conducted using a GeoTac personal computer-based test control and 

data acquisition system, which is comprised of a load frame, flow pump, CRS consolidometer cell, 

and Sigma-1TM CRS control and data acquisition software. The general CRS test sequence 

consisted of the following stages. 

1. Preparation of the specimen for testing first consisted of removing a test specimen from 

the Shelby tube through the extraction procedure outlined in Figure 2.11. The test specimen 

was hand trimmed using a soil lathe together with a sharp trimming ring and sharp 

trimming tools. The top and bottom surfaces of the specimen were trimmed flat with a wire 

saw and a long sharp edged knife with the final specimen dimensions equaling a diameter 

of 2.5” with a height of 0.75”. 

2. The specimen was placed in the CRS cell with moist top and bottom filter stones. After 

application of the seating load, 1 to 4 incremental loads were applied. Thereafter, the cell 

chamber was filled with deaired water and the specimen was back pressure saturated and 

left to sit overnight. 

3. Constant rate of strain loading was conducted using a selected nominal strain rate of 1%/hr 

(2.8 x 10-6 s-1) until either a maximum stress of approximately 2700 kPa or strain of 35% 

was reached. 

4. At the end of loading, the specimen was subjected to a constant stress period prior to a 

partial unloading phase. 

 

All measurements during testing were made using load, displacement and pressure transducers. 

The measured data was processed using the methods of Wissa et al, (1971) and those described in 

ASTM D4186 and Sandbakken at al, (1986). The preconsolidation pressure was estimated using 
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both the Casagrande and strain energy methods (Becker et al, 1987), and was subsequently reduced 

by a factor of 0.9 to account for rate effects.  

 

Preconsolidation pressures (𝜎𝑝
′ ) were determined for 6 samples at varying depths in an attempt to 

define the preconsolidation profile across the entire site cross-section (Figure 2.12). The results 

indicate that preconsolidation pressures at Mud Creek range from 225 to 450 kPa, which, given the 

relatively low unit weights (15-17 kN/m3), is indicative of a heavily overconsolidated deposit. 

Additionally, the relatively small changes in both void ratio (Lunne et al, 2006) and vertical strain 

(Terzaghi et al, 1996) upon return to in-situ effective stresses, are readily observed in Figure 2.12a 

and b. These values are quantified in Table 2.1, and compared to the quality ratings defined by 

Lunne et al (2006) and Terzaghi et al, (1996). Therefore, the low deformations and volume strains 

associated with each sample, indicates that high quality tube sampling was achieved at Mud Creek.  

 

Demers and Leroueil (2002), conducted CPT analyses in Champlain sea clay deposits at 31 

different locations throughout Quebec, and defined the correlation between preconsolidation 

pressure and net tip resistance presented in Equation 2.1.  

𝜎𝑝
′ =

𝑞𝑡−𝜎𝑣𝑜

3.4
     [2.1] 

Based on the geographical distribution of the test sites and the magnitude in the variations of their 

geotechnical properties (𝜎𝑝
′  between 38 and 940 kPa, plasticity indexes (PI) from 5 to 48%, etc.), 

Demers and Leroueil (2002) concluded that this correlation could be applied to all sensitive clays 

deposits in Eastern Canada. As such, this correlation was applied to the net tip resistance from 

CPT13-10 (Figure 2.13) from Potvin (2013), and is compared to the preconsolidation pressures 

determined through CRS testing at UMass Amherst in Figure 2.13. The results of this comparison 
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display that the preconsolidation pressures calculated based on tip resistance in the upper clay are 

in visual agreement with those quantified through CRS testing, however, it is interesting to note 

that the correlation is not maintained in the lower clay.  

 

Figure 2.13 also displays the in-situ vertical effective stresses present at the Mud Creek field site, 

highlighting the over consolidated nature of the deposit (OCR≈5). Similar OCRs have been noted 

within the Green’s Creek valley by Eden and Crawford (1957), Mitchell (1970), and Sangrey and 

Paul (1971), suggesting that significant erosion may have occurred throughout the region. This is 

a plausible hypothesis, given that the Ottawa River was once considerably larger than it is now 

(Figure 2.2) (Alysworth et al, 2016; Fransham and Gadd, 1977), as it once consisted of a broad and 

braided stream configuration containing several main channels and numerous cross channels 

(Fransham and Gadd, 1977). A plane-view 2D digital elevation model (DEM) of the Ottawa region, 

as displayed in Figure 2.2, outlines this potential for erosion, as areas within the former proto-

Ottawa river display considerably lower elevations than the surrounding area. Specifically, within 

the vicinity of Mud Creek, the erosion effects can be quantified by the presence of distinct river 

valleys and islands within the present day Mer Bleue Bog. In Figure 2.2, four locations of interest 

are highlighted: the Gloucester Test Site (Bozozuk, 1972; Bozozuk and Leonards, 1972 and 

Leroueil et al, 1983), the Geological Survey of Canada (GSC) borehole BH-AR93-1 (Woodley, 

1996), the Mud Creek field site, and the former Rockcliffe Airforce Base (Mitchell, 1970). The 

geotechnical properties and stratigraphy at the Gloucester test site have been well established by 

Bozozuk (1972), Bozozuk and Leonards (1972) and Leroueil et al, (1983). Similarly, the full 

stratigraphy at the GSC headquarters (BH-AR93-1) has been defined from surface to bedrock, by 

drilling and sampling conducted by (Woodley, 1966). Comparing the elevations and stratigraphy 
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of these two locations with those of Mud Creek on a 2D DEM, as shown in Figure 2.14, reveals an 

absence of a surficial sand layer and an overall decrease in unit thickness at the Mud Creek field 

site, thus reinforcing the possibility of erosion at Mud Creek. Furthermore, comparing OCRs 

between locations of various elevations in the region (Figure 2.15), displays a very strong 

correlation between the magnitude of the OCR and the removal of previous overburden. Therefore, 

as a result of this data, it appears as though the high preconsolidation pressures and OCRs observed 

within the Green’s Creek valley, can be potentially explained through the removal of overburden 

due to erosion from the Proto-Ottawa River.  

 

2.4.3 Undrained Shear Strength 

 

The undrained shear strength of Champlain Sea clay is commonly measured in geotechnical 

assessments of large-scale retrogressive landslides (Mitchell and Markell, 1974; MTQ, 2011; Locat 

et al, 2014; Durand et al, 2015; Locat et al, 2015) through a combination of field vane tests, 

laboratory tests, and CPT analyses (Lunne et al, 1997; Hong et al, 2010). Mitchell and Markell 

(1974) derived an empirical correlation relating undrained shear strength to the behaviour of large-

scale retrogressive flow slides. This correlation was based on the stability number (Ns), a commonly 

used dimensionless group, used in the calculation of the undrained slope stability of homogeneous 

clay slopes following Taylor (1948), which is a function of the undrained shear strength (Su), the 

slope height (H), and the unit weight of the soil deposit (γ).  

𝑁𝑠 =
𝛾𝐻

𝑆𝑢
     [2.2] 

The results of this correlation suggest that large-scale retrogressive flow slides and undrained 

failure conditions do not develop if Ns is below 6 (Mitchell and Markell, 1974), and as such, the 

slope failures will terminate in the rotational retrogressive phase. Additionally, Mitchell and 
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Markell (1974) observed a strong correlation between the stability number and the distance of 

retrogression, indicating that smaller slopes will display shorter retrogressive distances than larger 

slopes if similar undrained strengths are present. Therefore, to provide further insight into the 

failures at Mud Creek, the undrained shear strength of both the upper and lower clay deposits were 

investigated through both in-situ (CPT analyses Potvin (2013)) and laboratory testing methods 

(direct simple shear (DSS), laboratory vane and fall cone), and compared to values from large-scale 

retrogressive landslides (Tavenas et al. 1971; Mitchell and Markell, 1974; MTQ, 2011; Locat et al, 

2014; Durand et al, 2015; Locat et al, 2015).  

 

The DSS tests were conducted at the University of Massachusetts Amherst using a Geonor DSS 

device (Figure 2.16). All tests were conducted in accordance with the procedures described by 

Bjerrum and Landva (1966), DeGroot et al. (1992) and ASTM Standard D6528: Standard Test 

Method for Consolidated Undrained Direct Simple Shear Testing of Cohesive Soils. The Geonor 

DSS device consists of a specimen chamber, a lever arm for the application of consolidation 

weights, and a gear driven thrust shaft for applying the horizontal shear stress to the specimen. 

Load cells and linear variable differential transformers are connected to a dedicated data acquisition 

system and used to measure load and displacement. Specimens were prepared for testing by 

trimming the soil to fit a series of thin stainless steel stacked rings (35 cm2) with an internal 

membrane. Carborundum porous stones with a waffle-type surface structure were placed on the top 

and bottom of the specimen. The membrane allows for one-dimensional consolidation during the 

consolidation phase of a test, and a direct simple shear strain mode of deformation, during the shear 

phase of a test. The general sequence for a DSS test consists of the following stages: 
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1. First, the specimen was prepared for testing by extracting the test sample from the Shelby 

tube (Figure 2.11). The sample was then trimmed with Geonor trimming equipment, which 

allows for a specimen with a nominal diameter of 2.6” and a height of 0.8” to setup inside 

a stacked ring reinforced membrane assembly. 

2. Incremental one-dimensional consolidation was then performed using dead weights and 

the lever arm system (Figure 2.16), to the specified preshear vertical effective stress (𝜎𝑣𝑐
′ ). 

This preshear vertical effective stress, was estimated based on the in-situ vertical effective 

stresses (𝜎𝑣0
′ ) of individual samples (Ladd (1991), Ladd and DeGroot (2003)). However, 

the specimens were initially preloaded to a stress level greater than 𝜎𝑣0
′ , in order to establish 

more realistic horizontal stresses relative to in-situ conditions.  

3. The maximum consolidation stress was left acting on the specimen for a period of 

approximately 24 hours. 

4. Undrained shear tests were performed under constant volume procedures at a nominal 

shear strain rate of 5%/hour during the application of horizontal shear stress. 

5. Undrained shear continued to a maximum shear strain of approximately 20%. 

 

The measured horizontal force during undrained shear was corrected for the calibrated resistance 

of the stacked ring membrane assembly. Processed data from the undrained shear phase of the tests 

consists of: shear strain (𝛾), horizontal shear stress (𝜏ℎ), equivalent change in pore water pressure 

(∆𝑢), vertical effective stress (𝜎 𝑣
,
), shear modulus (𝐺 = 𝜏ℎ/𝛾) and undrained shear strength (𝑠𝑢), 

which is typically assumed to be equal to the maximum measured horizontal shear stress (𝜏ℎ)𝑚𝑎𝑥 

(Ladd, 1991; DeGroot et al. 1992). All relevant specimen properties and test parameters are 

outlined in Table 2.2 
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The stress-strain behaviours from all undrained DSS tests are presented in Figure 2.17. A total of 

five tests were conducted, three on samples from the upper clay and two on samples from the lower 

clay, with all samples reconsolidated to their respective in-situ effective stresses. As displayed in 

Figures 2.17a and b, all samples exhibit strain softening due to the structured nature of the over-

consolidated deposits at Mud Creek. Peak strengths are observed to range from 38 to 60 kPa, and 

typically occur at axial deformations between 1 and 5%. The peak strengths related to each 

individual sample appear to be a function of the increase in effective stress, as when normalized 

with respect to the vertical effective stress, the stress ratio remains relatively constant at 

approximately 0.7. Due to the limitations of the maximum shear deformations permitted by the 

apparatus the residual strength is not quantified through DSS testing, as strengths are observed to 

be continually decreasing at large deformations of 20%. The individual stress paths and effective 

stresses associated with each individual test are displayed in Figures 2.18a and b. These figures 

highlight the development of excess pore pressures, associated with the destructuring of the soil, in 

the vicinity of the peak horizontal shear strength, as after peak, all samples are observed to follow 

similar residual stress paths under continued deformation, defined by a friction angle of 31° and a 

cohesion of 6 kPa. A similar series of DSS tests were conducted by Locat et al, (2014) during the 

geotechnical assessment of the 1994 Sainte-Monique landslide (160,000 m3, 100 meter 

retrogression). Samples in this DSS test series were consolidated to an effective stress of 93 kPa 

and sheared to strains of 30%. The average peak strength of these tests was 39.6 kPa, while the 

residual stress path was defined by an angle of 29.5° with a cohesion intercept of 4.8 kPa.  
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The undrained shear strength in soft clay deposits can be inferred from net tip resistance from in-

situ CPT analyses using Equation 2.3 (Lunne et al, 1997):  

𝑆𝑢 =
𝑞𝑡−𝜎𝑣𝑜

𝑁𝑘𝑡
     [2.3] 

The value of Nkt in investigations of Champlain Sea clay deposits has been observed to vary 

between 13.5 and 18.6 (Demers et al, 1999; MTQ, 2011; Locat et al, 2014; Locat et al, 2015). 

However, due to the geographical proximity of the Casselman landslide (Locat et al, 2015) and 

Mud Creek, an Nkt value of 15.5 was applied to the net tip resistance from CPT13-10.The resulting 

undrained shear strength profile is outlined in Figure 2.13 and compared to results from both DSS 

and laboratory vane/fall cone undrained shear strength analyses. The undrained shear strength 

profile from CPT13-10 is observed to vary from approximately 30 kPa to 85 kPa in the upper clay, 

and from 50kPa to 70 kPa in the lower clay. Interestingly, the laboratory tests are not observed to 

display the same decrease in undrained shear strength within the lower clay deposit as predicted by 

the empirical correlation. One potential hypothesis for this discrepancy may be the significantly 

higher sensitivity of the lower clay deposit.  

 

The values of undrained shear strength in Figure 2.13, are observed to be comparable to values 

from large-scale retrogressive landslides in Champlain Sea clay deposits (MTQ, 2011; Locat et al, 

2014; Durand et al, 2015; Locat et al, 2015), as the majority of these investigations display 

undrained shear strengths ranging from 30 kPa to 100 kPa (through depths of up to 30 meters). The 

slope heights associated with these large-scale retrogressive slides, however, are between 17 and 

27 meters, significantly higher than the 11 m slope height at Mud Creek. As such, it appears as 

though the shorter distances of retrogression at Mud Creek are consistent with the correlation of 
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Mitchell and Markell (1974) through a combination of a smaller slope height and a higher 

undrained shear strength. 

 

Sensitivity: 

 

The sensitivity of the upper and lower clay deposits at Mud Creek were investigated through a 

combination of fall cone and laboratory vane testing. Fall cone analyses were conducted in 

accordance with the procedures outlined by the ISO standard ISO/TS 17892-6: Geotechnical 

Investigation and Testing – Laboratory Testing of Soil – Part 6: Fall Cone Test. Laboratory vane 

testing was conducted in general accordance with the procedures outlined by ASTM Standard 

D4648/D4648M-13: Standard Test Methods for Laboratory Miniature Vane Shear Test for 

Saturated Fine-Grained Clayey Soil. The combined tests procedures are outlined below. 

 

1. Sections of interest (greater than 2”) were obtained with the use of a horizontal band saw. 

The soil was not extruded from the tube, but a flat, clean surface was formed by removing 

all disturbed material from the top of the sample. 

2. Undisturbed shear strengths were first quantified using a 100g/30° fall cone. A test 

consisted of at least 5 points per sample. All readings were taken to the nearest 0.1g. 

3. A second value of undisturbed shear strength was then determined using a laboratory vane. 

For this analysis a 1:1 vane (0.5” x 0.5”) was inserted to a depth of approximately twice 

the vane height as stipulated by ASTM Standard D4648, this depth also ensured that the 

vane was located below the zone of influence (5 mm) from the fall cone analysis. 
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4. The vane was rotated at a constant rate of 60°/minute until failure. The time to failure and 

angle of rotation were kept under 3 minutes and 180°, to ensure that no pore pressures were 

dissipated. 

5. After failure, the samples were thoroughly remoulded by rapidly rotating the vane through 

a series of 8 revolutions, and all remoulded tests were conducted within 1 minute of this 

process. 

6. Samples were then removed from the Shelby tube and fully remoulded using a spreader 

knife, and then carefully placed into a small container to ensure no air bubbles were 

entrapped below the surface.  

7. Remoulded fall cone measurements were conducted using a 60g/60° fall cone, and again 

at least five test points taken per sample. 

8. Fall Cone: NGI (1999) calibration factors based on cone size and penetration depth were 

used to compute the undisturbed and remoulded strengths of all test specimens. 

9. Laboratory Vane: Undisturbed and remoulded shear strengths were calculated based on the 

angle of rotation and the torque calibrations of the respective test springs. 

 

The associated sensitivities from both the fall cone and laboratory vane analyses are displayed in 

Figure 2.13. Initial observations from this figure indicate that there is a distinct difference between 

the magnitude of sensitivity quantified by the laboratory vane and by the fall cone. This may be 

best explained due to the relatively small shear band created by the laboratory vane upon sample 

remoulding. The zone of influence created by this shear band thus effects only a small area of 

remoulded clay, while the majority of the sample remains otherwise undisturbed. Therefore it is 

possible that the excess pore pressures generated upon shearing may dissipate into the surrounding 
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intact clay and result in higher remoulded strengths. In contrast, the disturbed fall cone samples 

have been fully remoulded, making them weaker overall, and more representative of the true 

remoulded strength of the sample. Regardless of their individual values, both analyses display the 

same general trend, in which the sensitivity values are observed to display relatively little variation 

in the upper clay, while sensitivity increases substantially in the lower clay deposit. The range of 

sensitivity quantified using the fall cone is in general agreement with those observed in literature, 

as the sensitivity for this deposit was reported to vary between 20 and 40 by Paul (1970), and 

Mitchell and Klugman (1979). Based on the classifications from Rankka et al, (2004), the 

sensitivities observed in the upper clay range from medium (8-30) to high sensitivity (>30). As a 

result of the increased salinity and depositional environment, it was expected that the lower marine 

clay would exhibit higher values of sensitivity. The sensitivity of samples B1-9 and B1-10 were 

determined to be 97 and 76 through the use of the fall cone, but due to their remoulded strengths 

(0.8 and 1.1 respectively), these samples do not meet the classification of quick clay (𝑆𝑡 > 50, 𝑆𝑢𝑟< 

0.4) outlined by Rankka et al, (2004).  

 

2.4.4 Consolidated Drained Triaxial Testing 

 

The initial triggering stage of a sensitive clay landslide involves a localised failure under the action 

of pore water pressures at the toe of the landslide. As a result, a knowledge of the effective stress 

shear strength envelope is required to assess the stability of a slope against this initial failure.  

If the subsequent conditions at the unsupported face of the slope are prone to undrained instability, 

the failure is then observed to propagate under undrained conditions into the slope (Locat et al, 

2011; Locat et al, 2014). However, since the initial failure stage in this process occurs under the 

influence of elevated pore water pressures, it therefore needs to be conducted using effective stress 
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framework. As a result, a series of consolidated drained triaxial tests were conducted on specimens 

from both the upper and lower clay deposits, in order to quantify the peak strength failure envelopes 

at Mud Creek. The post-peak strength envelopes were also investigated due to the strain softening 

behaviour of Champlain Sea clay, and its relationship to the concept progressive failure (Lefebvre, 

1981; Locat et al, 2011; Quinn et al, 2012).  

 

Consolidated drained triaxial tests were conducted in accordance with the procedures outlined in 

ASTM Standard D7181: Standard Test Method for Consolidated Drained Triaxial Compression 

Test for Soils. Tests were conducted on two separate GDS triaxial units. The first unit was a GDS 

Load Frame-Based Triaxial Automated System, which consisted of a double-walled triaxial cell 

and three GDS Standard Pressure Volume Controllers (PRUs). The second unit was a GDS 

Enterprise Level Dynamic Triaxial Testing System (ELDYN). The cell pressures in this system 

were controlled pneumatically, while the back pressures were again controlled through a PRU. All 

PRU controllers were calibrated against one another to ensure proper effective stresses were 

achieved during consolidation. The triaxial test series consisted of both conventional triaxial stress 

paths, and constant p’ effective stress paths, in order to investigate the strengths associated with a 

full range of effective stresses. The constant p’ tests were utilized to determine the peak and post-

peak strengths associated with in-situ stress regions, while conventional triaxial tests were 

conducted to observe the strengths related to higher effective stresses. The general procedure for 

all triaxial series is outlined below. 
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1. Samples were extracted from the Shelby tubes as outlined in Figure 2.11. Upon extraction, 

samples were trimmed using a Humboldt HM-3130 trimmer, and a sharp wire saw to a 

diameter of 50 mm and a height of 100 mm. 

2. Samples were then mounted on a triaxial pedestal, along with wetted top and bottom filter 

stones. Samples were tested without the use of side drainage strips, and no correction was 

made for the effect of the rubber membrane. 

3. All samples were initially back pressure saturated at an effective stress of 20 kPa, until a 

B-value of 0.95 was obtained. Samples were then isotropically consolidated by doubling 

the effective stress in stages, until the desired consolidation level was achieved. 

4. A strain rate of approximately 1.5%/day (0.00115 mm/min) was defined for all triaxial 

tests based on the strain rate Equations 2.4 and 2.5 outlined below, by Bishop and Henkel 

(1962). A conservative estimation of 𝑐𝑣 was obtained from CRS testing, while strains at 

failure (𝜀𝑓) were estimated at 1% (Eden and Mitchell, 1970; Mitchell 1970; La Rochelle 

and Lefebvre, 1971). 

𝑡𝑓 = 0.5 ℎ2/𝑐𝑣      [2.4] 

𝜀𝑟𝑎𝑡𝑒 =  𝜀𝑓/𝑡𝑓      [2.5] 

5. To ensure that all excess pore pressures generated during shearing were dissipated, this 

strain rate was verified for all individual triaxial test by determining 𝑡90 for all applicable 

consolidation stages. Results for 𝑡90 were then placed in Equation 2.6 as outlined by ASTM 

Standard D7181. 

𝜀𝑟𝑎𝑡𝑒 = 𝜀𝑓/10𝑡90     [2.6] 
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6. Axial displacements, axial stresses, and volume changes, were measured during all 

loadings stages. Strain parameters were calculated by assuming a right cylinder specimen, 

and all stress parameters were calculated based on first principles. 

 

Upper Clay Effective Stress Failure Envelope: 

 

Previous investigations into the drained strength effective stress failure envelope of Champlain Sea 

clay in the Ottawa area (Mitchell, 1970; Paul, 1970; and Sangrey and Paul, 1971) have reported a 

non-linear peak strength envelope. Mitchell (1970) chose to divide this envelope into three regions 

based on mean normal stresses (low, intermediate and high) and their corresponding different 

failure modes. Failures in the low stress region were characterized by dilative volumetric strains 

and were typically governed by the presence of pre-existing planes of weakness (fissures) within 

the specimens (Mitchell, 1970). Interestingly, of the six sites investigated by Mitchell (1970), 

Green’s Creek was the only site in which the fissures and dilative strains were not apparent at low 

effective stresses. The intermediate stress region was defined by Mitchell (1970), for ranges of 

effective stresses above those which existed in-situ. The increase in effective stress acting on the 

sample, was believed to be sufficient in preventing the pre-existing fissures from dilating, thus 

changing the mode of failure (Mitchell, 1970). The shear strength envelope in this region, was 

determined to be relatively flat and independent of effective stress. It was stipulated by Mitchell 

(1970), that the yield point on a stress strain curve in this region corresponded to the breaking of 

the cementation bonds. Shear planes at angles between 45 and 60 degrees, were observed to be the 

typical mode of failure in this region. The high stress region was characterized by strain hardening 

and plastic deformations. These deformations were observed to be accompanied by large 

volumetric strains at failure. Samples in this region were observed to fail through excess bulging, 
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with a failure angle corresponding to a q/p ratio of 0.85, which corresponds to a friction angle of 

24° (Mitchell, 1970). 

 

Investigations by La Rochelle and Lefebvre (1971) on Champlain Sea clay deposits in Quebec, 

observed similar curved peak strength envelopes to those described by Mitchell (1970). However, 

La Rochelle and Lefebvre (1971) further defined the generalized stress-strain behaviours exhibited 

by all samples within the various zones/regions of effective stress (Figure 2.19). Zone A is 

understood to represent the low stress region (Mitchell, 1970), as samples display a well-defined 

peak at failure followed by a decrease in strength upon further deformation (La Rochelle and 

Lefebvre, 1971). Zone C is considered representative of the intermediate stress region described by 

Mitchell (1970). The stress strain curve in this region displays a strain hardening effect after the 

initial elastic failure (Figure 2.19). La Rochelle and Lefebvre (1971) also define this initial yield 

point as the pressure at which cementation bonds are considered to be broken. Lastly, Zone D 

represents the large stress region described by Mitchell (1970), as this zone is defined by a high 

degree of strain hardening and plastic deformation. Unlike Mitchell (1970), La Rochelle and 

Lefebvre (1971) reported that samples in this region were not observed to fail at tolerable strains, 

as a result of the excessive volumetric strains developing during shearing. The stresses in this region 

were observed to be ever increasing at strains upwards of 50% (La Rochelle and Lefebvre, 1971).  

 

A summary of the upper clay triaxial specimen properties and test results is displayed in Table 2.3. 

Upper clay triaxial tests were conducted on specimens from B1-6 and B1-7 (Figure 2.9), as these 

samples were taken from similar depths, and sample quality had been determined through CRS 

testing (Table 2.1). The failure envelope displayed by the upper clay deposit at Mud Creek may 
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best be described through a combination of the observations from Mitchell (1970) and La Rochelle 

and Lefebvre (1971). Due to the geographical proximity of Mud Creek and the former Rockcliffe 

Airforce Base (Figure 2.1), the peak strength values reported in Table 2.3 have been graphed 

directly against peak strengths observed by Mitchell (1970) at this site in Figure 2.20. This figure 

outlines the strong correlation in peak strengths within the low and intermediate stress regions 

between the two sites. Similar to the clay from Green’s Creek (Mitchell, 1970), the Mud Creek low 

stress triaxial specimens were not observed to fail due to pre-existing planes of weakness (shear 

planes developed between 50-55°), and as such, did not display any significant dilation upon failure. 

The only test in which any significant dilation was observed was test DB_B1-7(25)Cp’. However, 

the peak strength at failure in this test was observed to coincide with the unconfined compression 

line, and therefore, the fissuring and dilation may be more indicative of an unconfined compression 

failure mode. The generalized stress strain behaviour of Mud Creek samples in the low stress 

region, is presented in Figure 2.21a, with the general failure mode highlighted in Figure 2.21b. The 

stress strain behaviours in this low stress region are observed to correspond with those outlined by 

La Rochelle and Lefebvre (1971), as a significant decrease in strength occurs under continual 

deformation, after the peak strength is reached at a strain of approximately 2%. 

 

The generalized stress strain curves in the intermediate stress region are outlined in Figure 2.21c. 

Samples in this region were observed to fail through localized bulging, as highlighted in Figure 

2.21d. Interestingly, the bulging in these tests was observed to occur at the interface of a clay-slit 

varve. The strain hardening behaviour discussed by La Rochelle and Lefebvre (1971), is clearly 

evident in Figure 2.21c, after the initial yielding of the sample. As such, the peak strength failure 

points in this region were defined along the initial plateau of the stress strain curve, prior to 
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continued strain-hardening, as highlighted in Figure 2.21c. As the peak strengths in this 

intermediate stress region are thought to be governed by the presence of cementation bonds, it is 

not surprising that similar bond strengths exists between the two locations. The geographical 

proximity of the locations would indicate similar depositional environments and therefore, similar 

cementation effects could have developed. 

 

Both conventional consolidated-drained and constant p’ stress paths were attempted in order to 

quantify peak strength failure points within the high stress region, however, the failure behaviour 

within this region followed stress-strain behaviour similar to that described by La Rochelle and 

Lefebvre (1971), the results are displayed in Figure 2.21e and 2.21f. La Rochelle and Lefebvre 

(1971) stipulated that the combination of isotropic consolidation and specimen shearing may result 

in the significant destruction of cementation bonds in the high stress region, thereby transforming 

the specimen into a normally consolidated sample. The nature of this failure, as a result, displays 

significant strain hardening and excess bulging after the initial yielding. This strain hardening is 

observed to continue without reaching a maximum deviator stress at strains above 30%. Further 

evidence of the destruction of bonds is supported by the excessive volumetric strains, which occur 

during shearing and consolidation (La Rochelle and Lefebvre, 1971). Volumetric strains above 

10% were observed in all high stress tests at axial strains of 10%. Unfortunately, because of the 

excessive sample deformations, and the strain hardening nature of the failure, it was not possible 

to define the unstructured failure envelope in the high stress region. 

 

As a result of the structured nature of the Champlain Sea clay deposit at Mud Creek, it was expected 

that strain softening behaviour would be exhibited by the samples, and that a post-peak strength 
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failure envelope would be present under in-situ effective stress conditions. The post-peak strengths 

were typically defined at axial strains of 8%, and represented a decrease of approximately 20% 

from peak strength (Table 2.3). The Mohr-Coulomb failure criterion outlining the post-peak shear 

strength associated with the low stress region, is outlined in Figure 2.22. The results of this analysis 

reveal that the post-peak strengths correlate to a friction angle (ɸ) of 39° and a cohesion intercept 

(c’) of 5 kPa. The magnitude of this post-peak friction angle is observed to be similar to those 

reported in literature for Champlain Sea clay deposits in Quebec (Lo and Morin, 1972; Lefebvre 

and La Rochelle, 1974; Lefebvre, 1981), and is consistent with to the generalized strength envelope 

suggested by Lefebvre (1981) for clays with preconsolidation pressures of 300 kPa (ɸ = 39.8° and 

c’ = 7.7 kPa). The drained post-peak failure envelope at Mud Creek is thus observed to be of similar 

or greater strength to those used in the analyses of some large-scale retrogressive landslides (Eden 

et al, 1971; MTQ, 2011).  

 

Lower Clay Effective Stress Failure Envelope: 

 

The majority of previous investigations into Champlain Sea clay deposits within the Ottawa region 

have focused on simple rotational landslides (Mitchell, 1970; Paul, 1971 and Sangrey and Paul, 

1971). These simple rotational slides are generally assumed to consist of shallow surficial failures 

confined to the upper clay deposit (Sangrey and Paul, 1971; Hugenholtz and Lacelle, 2004), and as 

such, limited investigations have been conducted within the lower marine clay unit. However, due 

to the increased sensitivity within the lower clay unit, and the link between retrogressive landslides 

and deep seated failure planes (Mitchell and Markell, 1974; Lefebvre, 1986), it was determined 

that the failure envelope of the lower clay at Mud Creek warranted further investigation. A total of 

five triaxial tests were conducted on samples from various depths within the lower clay unit. The 
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results of these tests are presented in Table 2.4, and are directly compared to the peak strength 

failure envelopes from Rockcliffe (Mitchell, 1970), and the upper clay unit, in Figure 2.23. In order 

to draw a direct comparison between the strengths of the two clay units, the strain rate for this test 

series was maintained at 0.00115 mm/min, to mitigate the possibility of rate effects on peak 

strength. Results in Figure 2.23 display that the peak shear strength of the lower clay lies along the 

lower bound of the upper clay’s peak strength envelope with a similar minor differences also seen 

in the large deformation strengths. The shear behaviour of the lower clay can also be interpreted 

through the framework of Mitchell (1970) and La Rochelle and Lefebvre (1971). The typical shear 

behaviours and failure modes associated with each zone/region of effective stress are displayed in 

Figure 2.24. Therefore, as a result of this comparison, it does not appear as though any significant 

difference in strength exists between the two clay deposits. However, due to the increase in 

sensitivity within the lower clay unit, and the deep seated nature of retrogressive landslides, it is 

still plausible that the failure surfaces at Mud Creek begin within the lower clay and propagate 

upwards. 

  

2.4.5 Hydraulic Conductivity Testing 

 

Hydraulic conductivity tests were conducted using a GDS triaxial cell, modified to meet the 

requirements of a flexible wall permeameter, as outlined by ASTM D5084 Standard Tests Methods 

for Measurement of Hydraulic Conductivity of Saturated Porous Materials Using a Flexible Wall 

Permeameter. The modified permeameter consisted of a triaxial cell and three GDS Standard 

Pressure Volume Controllers (PRUs). The 3 PRUs were used to independently regulate cell 

pressure, back pressure and base pressure. The controllers were equipped to perform both constant 

flow/constant head permeability tests, and allowed automated volume readings to be taken at fixed 
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intervals. A top cap with dual drainage ports was used to facilitate the removal of any free air 

bubbles within the specimen during saturation. Temperatures in the lab were generally kept 

constant within 1 to 1.5°C. The general procedure for a hydraulic conductivity test is outlined 

below: 

 

1. Samples were extracted from the Shelby tubes as outlined in Figure 2.11. Upon extraction, 

samples were trimmed using a Humboldt HM-3130 trimmer, and a sharp wire saw to a 

diameter of 50 mm and a height of 100 mm. 

2. Specimens were back pressure saturated with distilled deaired water to ensure a B-value 

greater than 0.95, prior to permeation. 

3. The effective stress for each test was defined as the average difference between the cell 

pressure and the base and back pressures (ie. Cell pressure = 500, Back Pressure = 450, 

Base Pressure = 400, Effective Stress = 75 kPa). 

4. The hydraulic gradient was computed through Darcy’s Law (𝑖 =  ∆ℎ/𝐿) and was generally 

kept at a gradient of 60 to accelerate testing. Tests were also conducted at 𝑖 = 30 to ensure 

minimal effect on the conductivity, as stipulated by ASTM D5084. 

5. Back and base pressure controllers were set to maintain constant head levels during 

permeation. 

6. Volume readings were taken every 5 minutes, but hydraulic conductivities were calculated 

every 12 hours in an attempt to mitigate any temperature fluctuations that may have 

occurred on a given day. 
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7. Once hydraulic conductivity was quantified in the vertical orientation, the same specimen 

was utilized for testing in the horizontal orientation. Horizontal specimens were trimmed 

to a diameter of 38 mm (ASTM D5084 minimum diameter = 25 mm). 

 

Hydraulic conductivities were calculated using the Equation 2.8, as specified by ASTM Standard 

D5084. 

𝑘 =  
∆𝑄∗𝐿

𝐴∗∆ℎ∗∆𝑡
      [2.7] 

Where k is the hydraulic conductivity (m/s), ∆𝑄 is the quantity of flow for a given time interval ∆𝑡, 

taken as the average of inflow and outflow (m3), L is the length of the specimen (m), A is the cross-

sectional area of the specimen (m2), ∆𝑡 is the interval of time over which the flow occurs (s), and 

∆ℎ, is the average head loss across the permeameter/specimen (m). 

 

Results and specimen parameters for the hydraulic conductivity test series are outlined in Table 

2.5, and displayed in Figure 2.25. There does not appear to be a large discrepancy between the 

permeability of the upper and lower clay units. The upper clay has an average conductivity in the 

vertical orientation of 1.17 x 10-9 m/s, and 1.17 x 10-9 m/s in the horizontal orientation, resulting in 

a ky/kx ratio of 1.2. The lower clay has average conductivities of 8.5 x 10-10 m/s and 1.17 x 10-9 m/s 

in the vertical and horizontal directions respectively, resulting in a ky/kx ratio of 0.73. Comparisons 

between constant head tests and CPT dissipation tests from Potvin (2013) are displayed in Table 

2.5 and 2.6. The dissipation tests reinforce the notion that there is minimal difference in 

permeability between the deposits, although they do suggest a slightly lower overall conductivity. 

The similarities in permeability between the upper and lower clay units may be attributed to the 

relationship between void ratio and grain size within the lower clay. It is possible that the effect on 
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the permeability from the reduction of void ratio in this unit is counterbalanced by the changes in 

void shapes and grain size (Tavenas et al, 1983), resulting from the decrease in clay fraction due to 

the silty nature of the lower clay. The low 𝑘𝑦/𝑘𝑥 ratios displayed by specimens from both the upper 

and lower clay units, seem to suggest that the anisotropy at Mud Creek is negligible. This does not 

appear unusual in Champlain Sea clay deposits, as Tavenas et al, (1983) conducted constant head 

permeability tests on Champlain Sea clays from 14 different sites across Quebec, and also 

concluded that permeability anisotropy was not be a significant parameter in Champlain Sea clay. 

 

Based on the hydraulic conductivity values displayed Figure 2.25, it is the crust layer that exhibits 

the lowest conductivity of all clay units. The soil properties which typically govern hydraulic 

conductivity (grain size distribution and void ratio) would support this finding, as the crust layer is 

observed to contain the highest fraction of clay particles (80%), and the lowest void ratio (1.19) of 

all the clay units. However, it is well established in the literature (Eden and Mitchell, 1970; Lafleur 

and Lefebvre, 1980; and Lafleur et al., 1987) that the crust layer is often highly fissured as a result 

of freeze-thaw and seasonal variations in the groundwater table. The strongly fissured nature of the 

crust layer, along with the presence of tension cracks, and the considerable fluctuations in water 

table elevations (Potvin, 2013), all seem to suggest that water is able to move relatively freely 

within the crust layer (Eden and Mitchell, 1970). It is probable that small scale hydraulic 

conductivity testing in a laboratory setting is not the most accurate way to measure the conductivity 

of the crust, as a 50 mm diameter specimen will generally not be fissured, causing the results of 

these tests to reflect the decrease in void ratio and increase in clay particle percentage.  
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The hydraulic conductivity of remoulded surface samples was also tested in order to provide an 

estimate of conductivity for the remoulded spoils within the landslide failure bowl. The hydraulic 

conductivity of this region was determined through two oedometer tests. These oedometer tests 

were conducted using GDS Automatic Oedometer Systems in accordance with the procedures 

outlined in ASTM Standard D2435 Standard Test Methods for One-Dimensional Consolidation 

Properties of Soils Using Incremental Loading. The general test procedure is as follows: 

1. Large nodules were selected from surface samples. The nodules were trimmed and placed 

into oedometer rings measuring 63.5 mm in diameter and 25 mm in height; any voids 

within the rings were filled with additional remoulded material. 

2. Samples were placed in the oedometer, and subjected to the following loading regime (all 

in kPa): 6, 12, 25, 50, 100, 200, 400, 800, 1600, 800, 400, 200. Each loading stage was left 

for a period of 24 hours to allow induced pore pressures to dissipate. 

3. After unloading, the samples were oven dried at 110°C for 24 hours, at which point dry 

mass was determined and void ratios were calculated. 

 

The coefficient of consolidation, 𝑐𝑣, and compressibility, 𝑚𝑣, were determined for each stage, and 

the corresponding hydraulic conductivities were determined using the Equation 2.8 (Atkinson, 

2007): 

𝑐𝑣 =
𝑘

𝑚𝑣𝛾𝑤
     [2.8] 

 

The results of all hydraulic conductivity tests are displayed in Figure 2.25. The conductivities 

displayed in this figure will be utilized further for hydrogeological modelling in Chapter 3.   
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2.5 Conclusions 

Mud Creek has been the site of a number of small scale retrogressive landslides (Hugenholtz and 

Lacelle, 2004), displaying unusual episodic retrogressive behaviour. Therefore, a laboratory testing 

program was conducted in order to characterize the geotechnical properties of the Champlain Sea 

clay at Mud Creek. The test program consisted of consolidated drained triaxial testing, undrained 

direct simple shear (DSS) testing, controlled rate of strain (CRS) testing, hydraulic conductivity 

testing, and soil index testing. The objective of this chapter was to contrast the material properties 

associated with the small scale retrogressive landslides at Mud Creek, with those of more prominent 

large-scale failures such as the 1971 South Nation River landslide (Eden et al, 1971; Durand et al, 

2015), the 1971 St. Jean-Vianney landslide (Tavenas et al. 1971), the 1993 Lemieux landslide 

(Evans and Brooks, 1995; Locat et al, 2015), the 1994 St. Monique landslide (Locat et al, 2014), 

and the 2011 St. Jude landslide (MTQ, 2011), in order to provide further insight into the episodic 

retrogressive behaviour at Mud Creek.  

 

A total of 10 tube samples were obtained from the stratigraphic units (crust, upper clay, lower clay) 

inferred by Potvin (2013), at the Mud Creek field site. Soil index testing conducted on the samples 

successfully classified the units in relation to the geology of the Ottawa area, outlined by Fransham 

and Gadd (1977). The upper clay unit was concluded to represent the freshwater clay deposit, and 

was characterized by red-grey colour and textural banding. This unit was determined to have liquid 

limits and natural water contents between 65% and 72%, and displayed clay contents of 

approximately 75%. Reported values of sensitivity within this unit varied between 20 and 40, and 

were therefore classified as medium (8-30) to high sensitivity (>30) clays, as outlined by Rankka 

et al, (2004). The lower clay unit was classified as a deep water marine clay (Fransham and Gadd, 
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1977), and was observed to be a dark grey clay containing black mottled sulphurous streaks. 

Remarkably, this clay was composed of more silt particles than the overlying freshwater clay, 

despite its supposed deep water depositional environment. This unit was observed to display natural 

water contents well above its liquid limits, and as such, displayed liquidity indexes between 2 and 

3. As a result of the increased liquidity indexes in this unit, the sensitivities were observed to be 

much higher (75-100) than those of the upper clay. However, due the remoulded strengths 

quantified in the lower clay (0.8-1.1), the clay was not categorized as a quick clay (𝑆𝑡 > 50, 𝑆𝑢𝑟< 

0.4) (Rankka et al, 2004).  

 

Preconsolidation pressures at the Mud Creek field site were determined to vary between 225 kPa 

and 450 kPa, which was observed to correspond to an OCR of approximately five, throughout the 

slope. It was stipulated that the overconsolidated nature of the deposit at Mud Creek was a result 

of potential erosion from the former proto-Ottawa River. Previous investigations highlighting the 

preconsolidation pressures at various locations throughout the Ottawa region reinforced this 

hypothesis, as other locations within the vicinity of the proto-Ottawa river displayed similar 

elevated overconsolidation ratios (Paul, 1970; Mitchell (1970). In contrast, the sites thought to have 

experienced significantly less erosion (Bozozuk, 1972; Bozozuk and Leonards, 1972; and Leroueil 

et al, 1983; Durand et al, 2015; Locat et al, 2015) generally displayed lower preconsolidation 

pressures, or could be considered normally consolidated. Interestingly, the majority of large-scale 

retrogressive events studied in this chapter (MTQ, 2011; Locat et al, 2014; Durand et al, 2015; 

Locat et al, 2015) were observed to occur along slopes that did not exhibit high degrees of 

overconsolidation (OCR = 1-2), and could generally be described as normally consolidated.  
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The undrained shear strength of the upper and lower clay deposits was investigated through both 

in-situ and laboratory testing methods. An Nkt value of 15.5 was applied to the results of tip 

resistance from CPT13-10 (Potvin, 2013), due to the geographical proximity of the Casselman 

landslide (Locat et al, 2015) and Mud Creek. This correlation resulted in an undrained shear 

strength profile which varied from approximately 30 kPa to 85 kPa in the upper clay, and from 50 

kPa to 70 kPa in the lower clay. The results of the laboratory tests were observed to display similar 

undrained shear strengths with those determined in-situ. However, the laboratory testing results did 

not display a decrease in undrained shear strength within the lower clay. As such, it was concluded 

that the decrease in undrained shear strength displayed by tip resistance, may have been a result of 

the increased sensitivity of the lower clay unit. Results of both in-situ and laboratory tests displayed 

undrained shear strengths of similar magnitudes to the large-scale retrogressive landslides 

highlighted in this chapter (MTQ, 2011; Locat et al, 2014; Durand et al, 2015; Locat et al, 2015).  

 

Consolidated drained triaxial tests were conducted to determine the peak and post-peak effective 

stress failure envelopes for both the upper and lower clay units at Mud Creek. The stress strain 

behaviour and failure mode from samples in both deposits were observed to be dependent on 

effective stress, and could be described through an interpretation of previous investigations by 

Mitchell (1970) and La Rochelle and Lefebvre (1971). Samples in the low stress region (in-situ 

stresses) were observed to exhibit strain softening behaviour and developed shear planes varying 

between 50° and 55° upon failure. Samples within the intermediate stress regions (above in-situ) 

were observed to display similar strengths regardless of individual testing effective stresses. Stress 

strain behaviour was observed to display strain hardening after the initial yielding of the sample, 

and the failure mode in this region transitioned to a bulging failure (localized bulging in the upper 
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clay occurred at the interface of clay-silt varves). Upper clay specimens were tested in the high 

stress region; these samples were subjected to continued plastic deformations and excessive 

volumetric strains upon shearing. As a result, the samples were not observed to fail at tolerable 

strains (La Rochelle and Lefebvre, 1971), as the deviator stress was continually increasing at axial 

strains above 30%. Interestingly, the upper and lower clay deposits were observed to exhibit similar 

peak and post peak failure envelopes despite the difference in depositional environments between 

the two units. This further reinforces the notion that the decrease in undrained tip resistance 

observed in CPT soundings by Potvin (2013) was a result of increased sensitivity within the lower 

clay, and not indicative of a decrease in effective strength shear strength. Post-peak failure 

envelopes were observed within the operating in-situ effective stress ranges of the upper and lower 

clays. The friction angle and cohesion intercept corresponding to the post-peak failure envelope 

(upper clay) was calculated to be 39° and 5 kPa. This value was observed to correlate well with 

post-peak failure envelopes of Champlain Sea clays in Quebec (Lo and Morin, 1972; Lefebvre and 

La Rochelle, 1974; Lefebvre, 1981), and with the generalized post-peak strengths outlined by 

Lefebvre (1981) corresponding to preconsolidation pressures of approximately 300 kPa.  

 

Therefore, as a result of the geotechnical assessment conducted on the Champlain Sea clay at the 

Mud Creek field site, it appears as though the episodic retrogressive behaviour can be explained by 

the relatively high strength of the overconcolidated Champlain Sea clay at Mud Creek in contrast 

to the relatively small height of the creek bank (11m). The retrogressive failures at Mud Creek 

result from seasonal increases in pore water pressures within the slope, and as such are considered 

drained localized failures. The small height of the unsupported bank in contrast to that of the higher 

undrained strength of the material, therefore does not result in the immediate full retrogression of 
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the slope (Mitchell and Markell, 1974; Locat et al, 2011). Instead, the bank is locally over-

steepened, and each year may be subjected to shear deformations as a result of high seasonal pore 

water pressures (Mitchell and Eden, 1972). Therefore, the initial failure event at Mud Creek does 

not lead to an undrained progressive failure (Locat et al, 2011), and as a result the retrogressive 

events at Mud Creek, are instead defined as a series of drained failures (Bentley, 2015), the 

frequency of which are determined by the rate of shear distortion accumulated during each seasonal 

increase in pore water pressure. Additionally, due to the relatively narrow valley profiles at Mud 

Creek (Hugenholtz and Lacelle, 2004), it is possible that the remoulded spoils cause a buttressing 

effect on the opposite bank, thus stabilizing the slope and preventing further retrogression. The 

creek is observed to eventually incise a new path through the debris, however, once this has 

occurred and a sufficient amount of material is transported down creek, the excess pore pressures 

along the slope have dissipated, resulting in temporary stability.   
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Table 2-1: Summary of Constant Rate of Strain (CRS) specimen properties and test results (DeGroot, 2015) 

Notes: 1. w values based on water content of full specimen. Void ratio based on assumed specific gravity = 2.75 
2. CRS250 – found some fine to coarse sized sand particles in sample 
3. kv0 values estimated by extrapolating linear fit to e-logkv data to e0 

         4. Estimates of 'p directly from CRS data. Casa. = Casagrande construction; S.E. = strain energy method of Becker et al. (1987). 
5. Sample quality evaluation methods (†NOTE: for low to medium plasticity clays with OCR 1 to 4): 

Lunne et al. (2006) quality ratings 

1 = very good to excellent, 2 = fair to good, 3 = poor, 4 = very poor 

Terzaghi et al. (1996) 

Specimen Quality Designation (SQD) 

A (best) to E (worst) OCR e/e0 at 'v0 

1 to 2 < 0.04 0.04 – 0.07 0.07 – 0.14 > 0.14 v at 'v0 < 1 1 - 2 2 - 4 4 - 8 > 8 

2 to 4 < 0.03 0.03 – 0.05 0.05 – 0.10 > 0.10 SQD A B C D E 

Quality 1 2 3 4  

 

 

Test # 
Boring 

Sample 
Depth w e0 t d 'v0 

Sample Quality† 

(at 'v0) 
'p OCR Estimate kv0 

at e0 
e/e0 v Casa. S.E. Casa. S.E. 

- - m % - kN/m3 kN/m3 kPa - % kPa kPa - - m/s 

CRS248 B1-2 3.7 – 4.3 78 2.263 14.6 8.25 31 0.008 0.2 240 225 7.8 7.3 1.5x10-9 

CRS249 B1-3 5.8 – 6.4 75 2.098 15.2 8.69 42 0.002 0.1 240 240 5.7 5.7 8.0x10-10 

CRS246 B1-6 8.5 – 9.1 75 2.093 15.2 8.69 58 0.005 0.2 295 280 5.1 5.8 1.2x10-9 

CRS251 B1-7 9.7 – 10.3 72 1.975 15.6 9.04 64 0.020 0.7 305 305 4.8 4.8 8.0x10-10 

CRS250 B1-8 11.7 – 12.3 56 1.540 16.5 10.6 73 0.009 0.3 380 370 5.2 5.1 1.0x10-9 

CRS247 B1-10 12.9 – 13.5 58 1.714 15.7 9.91 80 0.012 0.5 450 430 5.6 5.4 5.0x10-10 
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Table 2-2: Summary of Direct Simple Shear (DSS) specimen properties and test results (DeGroot, 2015) 

Test No. 
Boring 

Sample 
Depth wn t d 'vo 

Laboratory Consolidation 
Shear Data at Peak 

(h)max = su 
 

'vc 'vmax vmax vf  h h/'vc 'v/'vc  

- - m % kN/m3 kN/m3 kPa kPa kPa % % % kPa - - - 

DSS422 B1-3 5.8 – 6.4 75 - - 42 41 198 3.1 2.4 1.8 38.2† 0.931 1.216  

DSS420 B1-6 8.5 – 9.1 65 - - 58 72 223 4.4 3.8 0.76 50.0 0.693 1.119  

DSS424 B1-7 9.7 – 10.3 70 - - 64 64 217 6.4 5.6 2.1 46.2† 0.715 1.117  

DSS423 B1-8 11.7 – 12.3 45 - - 73 73 263 6.4 5.7 1.8 54.8† 0.748 1.166  

DSS421 B1-10 12.9 – 13.5 48 - - 80 81 296 5.4 4.7 4.8 59.6 0.735 1.215  

Notes:               

1. Water contents are average from trimmings. Unit weight not measured because of use of waffle stones making initial specimen height uncertain 

2. Undrained shear strength su(DSS) = (h)max 

3. DSS420 – consolidation stress of 72 kPa was selected in Jan 2015 before estimated in situ vertical effective stress profile was updated based on laboratory 

measured unit weight data. 

4. † for these tests failure appears to be at soil-stone interface 

5. Strains are not corrected for penetration of soil into the waffle stones 
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Table 2-3: Summary of upper clay triaxial specimen properties and test results 

 

*Values at failure were arbitrarily picked to match Mitchell, 1969 high stress region failure line (q/p’ = 0.85) 

 

 

 

 

 

 

 

 

 

 

 

 

Test Name Test Type Sample 
# 

Depth w/c eo Unit 
Weight 

Stress 
Region 

𝝈𝟑
′   

Consolidation 
𝒒𝒇 𝜺𝒇 𝒒𝒑𝒐𝒔𝒕 𝜺𝒑𝒐𝒔𝒕 Failure Mode 

- - - m % - kN/m3 - kPa kPa % kPa % - 

DB_B1-6(50) Standard B1-6 8.53-9.14 70 2.01 14.96 Intermediate 50 100.19 5.02 - - Bulging - No Residual 

DB_B1-6(80) Standard B1-6 8.53-9.14 69 1.98 14.71 Intermediate 80 159.31 5.03 - - Bulging - No Residual 

DB_B1-6(40) Cp' Constant p' B1-6 8.53-9.14 70 2.01 14.95 Low (In-Situ) 40 91.67 1.93 74.08 8.73 Shear Plane (55°) 

DB_B1-7(25) Cp' Constant p' B1-7 9.75-10.36 70 1.99 15.83 Low (In-Situ) 25 74.93 0.98 52.42 8.00 Vertical Fissuring 

DB_B1-7(50) Cp' Constant p' B1-7 9.75-10.36 72 2.07 15.64 Low (In-Situ) 49 109.79 2.11 93.05 8.00 Double Shear Plane (53°) 

DB_B1-7(60) Cp'  Constant p' B1-7 9.75-10.36 71 2.04 15.70 Low (In-Situ) 60 122.06 1.96 106.88 4.44 Shear Plane (50°) 

DB_B1-5(200)  Standard B1-5 7.62-8.23 71 2.02 15.41 High 200 238.89* 15.88* - - Excess Bulging 

DB_B1-4(220) Cp' Constant p' B1-4 6.71-7.32 69 1.97 15.84 High 220 189.27* 10.21* - - Excess Bulging 
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Table 2-4: Summary of lower clay triaxial specimen properties and test results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test Name Test Type Sample 
# 

Depth w/c eo Unit 
Weight 

Stress 
Region 

𝝈𝟑
′   

Consolidation 
𝒒𝒇 𝜺𝒇 𝒒𝒓 𝜺𝒓 Failure Mode 

- - - m % - kN/m3 - kPa kPa % kPa % - 

DB_B1-9(45) Cp’ Constant p' B1-9 12.34-12.95 50 1.43 17.16 Low (In-Situ) 45 85.52 1.66 79.41 8.07 Shear Plane  

DB_B1-9(90) Cp’ Constant p' B1-9 12.34-12.95 53 1.52 16.88 Low (In-Situ) 90 136.72 2.35 127.11 8.00 Shear Plane  

DB_B1-9(150) Cp’ Constant p' B1-9 12.34-12.95 51 1.46 17.10 Intermediate 150 160.36 4.04 - - Bulging - No Residual 

DB_B1-10(70) Cp’ Constant p' B1-10 12.95-13.56 58 1.66 16.93 Low (In-Situ) 70 130.10 1.78 114.94 8.00 Shear Plane  

DB_B1-10(120) Cp’ Constant p' B1-10 12.95-13.56 55 1.57 16.89 Intermediate 120 162.82 4.0 - - Bulging - No Residual 
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Table 2-5: Summary of constant head permeability specimen properties and test results 

Test Name Sample # Depth  Clay Unit Orientation w/c  𝒆𝒐 𝜸𝒕 Testing σ'  Gradient Conductivity  

- - m - - % - kN/𝑚3 kPa - m/s 

1 2 3 4 5 6 7 8 9 10 11 

DB_B1-1Y B1-1 1.52-2.13 Crust Vertical 42 1.19 17.7 32 58 1.35x𝟏𝟎−𝟏𝟎 

DB_B1-1X B1-1 1.52-2.13 Crust Horizontal 42 1.19 17.64 30 66 1.89x𝟏𝟎−𝟏𝟎 

DB_B1-1Y (i=30) B1-1 1.52-2.13 Crust Vertical 41 1.16 17.5 22.5 28 5.75x𝟏𝟎−𝟏𝟎 

DB_B1-5Y B1-5 7.62-8.23 Upper Clay Vertical 66 1.88 15.06 55 59 1.13x𝟏𝟎−𝟗 

DB_B1-5X B1-5 7.62-8.23 Upper Clay Horizontal 68 1.94 15.7 50 62 9.74x𝟏𝟎−𝟏𝟎 

DB_B1-5Y (i=30) B1-5 7.62-8.23 Upper Clay Vertical 73 2.08 15.6 52.5 31 1.20x𝟏𝟎−𝟗 

DB_B1-8Y B1-8 11.75-12.34 Lower Clay Vertical 65 1.87 15.68 73.5 54 7.72x𝟏𝟎−𝟏𝟎 

DB_B1-8X B1-8 11.75-12.34 Lower Clay Horizontal 64 1.84 15.68 70 60 1.27x𝟏𝟎−𝟗 

DB_B1-9Y B1-9 12.34-12.95 Lower Clay Vertical 50 1.44 17 77 55 9.93x𝟏𝟎−𝟏𝟎 

DB_B1-9X B1-9 12.34-12.95 Lower Clay Horizontal 51 1.46 17.1 76 62 1.11x𝟏𝟎−𝟗 

DB_B1-10Y B1-10 12.95-13.56 Lower Clay Vertical 58 1.66 16.13 83 30 7.80x𝟏𝟎−𝟏𝟎 

DB_B1-10X B1-10 12.95-13.56 Lower Clay Horizontal 58 1.66 16.1 83 30 1.12x𝟏𝟎−𝟗 

 

 

 

 

 

 



 

66 

 

 

Table 2-6: Summary of in-situ pore water pressure dissipation test results (Potvin, 2013) 
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Figure 2-1: Location of the Mud Creek field site and points of interest in the Ottawa area (geoOttawa, 2016) 
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Figure 2-2: 2D Plane-View Digital Elevation Model (DEM) highlighting the potential for erosion within the 

fromer proto-Ottawa River 
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Figure 2-3: Orthophoto after April 2013 failure outlining the progression of failure from 2011 to 2013. Highlighting cone penetration tests (CPT) conducted by 

Potvin (2013). A local coordinate system is set with the zero axis near the tree line (Potvin, 2013) 
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Figure 2-4: The general stratigraphy of the Mud Creek field site based on qt profiles, outlined along the slope profile A-A' (post 2013 failure). Vertical scale is 

exaggerated by a factor of 2 (after Potvin, 2013) 
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Figure 2-5: Track rig and mud rotary drill casings used for sampling 
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Figure 2-6: Downward discharge tri-cone drill bit, with drill bit Schematic (US Patent - 

US6354387 B1)  
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Figure 2-7: a) Fixed Piston Sampler b) 10° cutting angle at base of thin-walled Shelby Tube 

c) Piston sampler and Shelby Tube during sampling 
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Figure 2-8: Tube capping procedure a) Top portion of the tube is sealed by pouring 1 inch 

of wax over the top of the sample b) 1-2 cm of material is removed at the base of the sample 

c) Base of the sample is coated using a small paint brush, and then dipped in wax d) caps 

are placed on top and bottom of samples and dipped in wax again to ensure a proper seal
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Figure 2-9: CPT13-10 results from Potvin (2013) outlining general stratigraphy at the site. Results of soil idex tests from samples in all the varying clay 

layers
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Figure 2-10: Typical grain-size distribution between upper (B1-5 and B1-7) and lower clay (B1-8 

and B1-9) 
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Figure 2-11: Procedure for sample extraction for of test specimens from Shelby tubes (Ladd 

and DeGroot, 2003) 
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Figure 2-12: Results from CRS test series conducted at UMass Amherst. a) Vertical Effective Stress vs. Vertical Strain b) 

Vertical Effective Stress vs. Void Ratio. (DeGroot, 2015) 
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Figure 2-13: Results of CRS 𝝈𝒑
′  (reduced by 0.9 to account for rate effects) and undrained shear 

strength lab tests compared to CPT data from Potvin (2013), sensitivity was measured based off vane 

and fall cone tests 
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Figure 2-14: 2D Digital Elevation Map (DEM) highlighting the change in elevation across cross-section A-A' (Figure 2.1). Displaying the 

generalized stratigraphy from Gloucester Test Site (McRostie and Crawford, 2003), GSC Borehole (Woodley, 1996) and Mud Creek 
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Figure 2-15: Correlation between OCR and potentially eroded material at points of interest within 

the Ottawa region 
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Figure 2-16: Schematic of a Geonor Direct Simple Shear (DSS) apparatus. 
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Figure 2-17: Results of DSS tests conducted at UMass Amherst. a) Shear strain vs. 

Horizontal shear stress b) Shear strain vs. Normalized shear stress (DeGroot, 2015)  

b) 

a) 
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Figure 2-18: Results of DSS tests conducted at UMass Amherst. a) Vertical effective stress 

vs. Horizontal shear stress b) Normalized vertical effective stress vs. Normalized shear 

stress (DeGroot, 2015) 
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Figure 2-19: Generalized stress vs. strain behavior of Champlain Sea Clay corresponding to 

zones of effective stress (La Rochelle and Lefebvre, 1970) 
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Figure 2-20: Comparison of Mud Creek upper clay peak and post-peak strengths to peak strengths from Rockcliffe Airforce Base 

(Mitchell, 1970) 
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Figure 2-21: General stress-strain and failure modes in the upper clay for different regions of effective stress a 

& b) Low (In-situ) stress region c & d) Intermediate Stress region e & f) High stress region 
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Figure 2-22: Post-peak shear strength envelope in the low (in-situ) stress region. Highlighting a friction angle (ɸ) of 39° and a cohesion 

intercept (c’) of 5 kPa 

 

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100 120 140

Sh
ea

r 
St

re
ss

, 
τ

(k
P

a)

Normal Stress, σ (kPa)

DB_B1-7(60)

DB_B1-7(50)

DB_B1-7(25)

DB_B1-6(40)

ɸ = 39° c' = 5 kPa



 

89 

 

 

 

Figure 2-23: Comparison of lower clay peak and post-peak strengths to those of the upper clay, and peak strengths of samples from 

Rockcliffe Airforce Base (Mitchell, 1970) 

 

0

50

100

150

200

250

0 50 100 150 200 250 300

D
ev

ia
to

r 
St

re
ss

, 
q

 (
kP

a)

Cambridge Effective Stress, p' (kPa)

Rockcliffe Peak Strength (Mitchell, 1970)

Upper Clay Peak Strength

Upper Clay Post-Peak Strength

Lower Clay Peak Strength

Lower Clay Pos-Peak Strength



 

90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-24: General stress-strain and failure modes in the lower clay for different regions of effective stress a & b) 

Low (In-situ) stress region c & d) Intermediate Stress region. High stress region not tested in lower clay
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Figure 2-25: Hydraulic conductivity of, crust, upper clay, lower clay from CPT dissipation, 
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Chapter 3 

Hydrogeological Modelling of the Groundwater Regime at Mud Creek, 

Ottawa 

3.1 Introduction 

Landslides in sensitive clays pose a significant geohazard risk along the slopes of streams and river 

banks in Eastern Canada’s St. Lawrence and Ottawa Valley regions (Eden and Mitchell, 1970). 

Champlain Sea clay deposits are well-known for their high sensitivity (i.e. the ratio of undisturbed 

shear strength to remoulded shear strength). Previous inventories of documented landslides suggest 

that over 750 large-scale (area ≥ 1 acre) slides have occurred within Ontario and Quebec (La 

Rochelle et al, 1970; Mitchell and Markell, 1974; Fransham and Gadd, 1977; Hugenholtz and 

Lacelle, 2004), in addition to thousands of undocumented smaller landslides, which can be 

identified using historical air photos (Mitchell and Markell, 1974). Typically, landslides in sensitive 

clays can be categorized into four modes of failure: simple rotational slides, retrogressive rotational 

slides, translational slides, and earthflows (Mitchell and Markell, 1974; Hugenholtz and Lacelle, 

2004). Retrogressive landslides are often associated with deep-seated failures (Lefebvre, 1986) and 

drained long-term instabilities; thus, their initial failures should be analyzed under drained 

conditions (Mitchell and Markell, 1974). If this initial failure causes further retrogression (typically 

within hours or days), the subsequent failures are understood to result from short-term instability 

and should be analyzed as undrained phenomena (Mitchell and Markell, 1974). Therefore, in order 

to analyze the incipient failures of any landslide in Champlain Sea clay deposits, it is necessary to 

have an understanding of the pore pressure distribution at the onset of failure. This requires an in-
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depth knowledge of the groundwater regime within a slope, which is governed by the local 

stratigraphy, weather, ground cover, and presence of any hydraulic conductivity contrasts within 

the system (Hodge and Freeze, 1977). 

 

Previous investigations into the stratigraphy of Champlain Sea clay deposits in the Ottawa area 

(Sangrey and Paul, 1971; Fransham and Gadd, 1977; Hugenholtz and Lacelle, 2004) indicate that 

there is significant spatial variability between certain stratigraphic units. However, the general 

stratigraphy of the Ottawa region (Figure 3.1) above the Paleozoic bedrock, consists of a layer of 

glacial till, a massive deposit of clay associated with the Champlain Sea, and a surficial crust layer 

of silty, sandy materials. The underlying till unit is associated with glacial activity (Fransham and 

Gadd, 1977), and is found below most of the clay deposits in Eastern Canada (Lefebvre, 1986). 

The composition of this till is highly variable, and consists mainly of silt, sand, and gravel, while 

containing minimal clay-sized particles (Lefebvre, 1986). Field permeability tests within this unit 

have indicated that it may be up to 100 to 1000 times more permeable than the overlying Champlain 

Sea clay (Lafleur et Lefebvre, 1980; Lefebvre, 1986). The clay deposit associated with the 

Champlain Sea can be further subdivided into separate stratigraphic units to reflect the varying 

environments at the time of deposition (Fransham and Gadd, 1977). A thin layer of freshwater 

varved clay occupies the base of the sequence, and transitions into a deep water marine clay unit, 

which is subsequently overlain by a re-deposited freshwater clay. In the regions lacking silty, sandy 

materials, the upper freshwater clay deposit has been exposed to weathering agents such as 

oxidation, desiccation and frost action, resulting in a high degree of fissuring, and a surficial crust 

layer. The thickness of this surficial crust layer is typically 3 meters (Lefebvre, 1986), and is often 

characterized by a decrease in water content and sensitivity, along with an increase in undrained 
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shear strength (Lefebvre, 1986). In-situ permeability tests within the surficial crust (Lafleur, 1978; 

Lafleur et al., 1987) have indicated that it can also be significantly more permeable (10 to 1000 

times) than the intact Champlain Sea clay deposits. 

 

Hodge and Freeze (1977) presented a theoretical study in which contrasting permeabilities were 

simulated between various layers in hypothetical slopes, to determine their effects on pore pressure 

distributions and slope stability. Techniques from this study were adapted by Lafleur and Lefebvre 

(1980) to investigate the influence of stratigraphy and permeability on pore pressure distributions 

within four Champlain Sea clay slopes in Quebec. Results indicated that the position of the lower 

till layer, relative to the toe of the slope, had a significant impact on the magnitude of the upward 

hydraulic gradients acting at the base of the slope. Lefebvre (1986) proceeded to develop a model 

to explain the various phases of valley development in Champlain Sea clay deposits, rooted in this 

analysis. Lefebvre (1986) related each phase of valley development (early, intermediate, and late) 

to the location of the till aquifer, in relation to the toe of the slope (river bed). A schematic of this 

valley formation model has been adapted to the general stratigraphy of the Ottawa area and is 

presented in Figure 3.1. During the early phases of valley development, the river bed is well above 

the lower lying till layer. As a result, ground water migrates under relatively low gradients, with a 

small downward gradient acting at the crest and an upward gradient at the toe. As further incision 

occurs and the valley deepens, the permeable till layer causes the downward gradient behind the 

slope, and the upward gradient at the toe, to increase. These conditions are significantly more 

detrimental to slope stability, and often result in an increase in landslide activity and the 

acceleration of valley development (Lefebvre, 1986). The destabilizing effect of artesian conditions 

during the intermediate phase have been well documented in numerous instabilities in Champlain 
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Sea clay deposits. Most notably, the artesian conditions at Saint Jude in Eastern Canada (4.2 ha 

retrogressive landslide) influenced both the depth and magnitude of the failure surface (MTQ, 

2011). Lefebvre (1986) also noted that an increase in pore water pressure within the till layer may 

be more detrimental to slope stability than an increase in the groundwater table. The final stage of 

valley development occurs when the river bed intersects the lower lying till, allowing it to freely 

discharge into the river. This stage is characterized by strong downward gradients operating along 

the slope, thereby increasing the stability of the deposit, and limiting failures to shallower surficial 

slides (Lefebvre, 1986). 

 

Landslide case studies tend to be retrospective investigations by nature, and as such, it is rare that 

the groundwater regime of a slope is measured prior to failure. Some of the earliest stability 

analyses conducted on failures within Champlain Sea clay deposits (Eden and Mitchell, 1970; 

Sangrey and Paul, 1971) were conducted under the assumption that the slopes were fully saturated, 

and that hydrostatic groundwater conditions were present at the time of failure. However, the 

subsequent research presented by Lafleur and Lefebvre (1980) and Lefebvre (1986), displayed the 

potential for destabilizing upward gradients at the toe, and highlighted the need for a more 

comprehensive understanding of the groundwater regime, specifically in cases of deep seated 

failures. As a result, more recent investigations (Demers et al, 1999; MTQ 2011, Locat et al, 2014) 

have placed piezometers in nearby slopes of similar geometry, to insinuate the typical groundwater 

regime and pore pressure distributions potentially present at the time of failure. 

 

The long-term hydrogeological monitoring program implemented by Potvin (2013) at the Mud 

Creek field site, thus presents a rare case study, in which the pore pressure distribution within the 
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slope is known 10 minutes (at most) prior to the onset of a retrogressive failure. The objective of 

this chapter is to present finite element modelling results of field pore pressure measurements from 

the spring of 2013 and 2014. In both years, two times of interest are modelled, including one 

pseudo-steady state and a second state representing the maximum pore pressures measured during 

the spring snowmelt. In 2013, the peak pore pressures caused a retrogressive event, while in 2014, 

the slope remained stable. Therefore, the field measurements provide a unique opportunity to 

examine the pore pressure regime during one spring melt event that caused retrogression, and a 

second spring in which no significant movements occurred. The goal of the modelling exercise is 

to model two pore pressure regimes for two geometries, during March and April of 2013 and 2014, 

while holding all material properties constant. Special consideration will be given to matching the 

upward gradients at the toe of the slope, as a result of the artesian conditions within the underlying 

till deposit. The results from these models will be used for future drained stability analyses, in order 

to provide further insight into the episodic retrogressive failures at Mud Creek. Following model 

calibration, a sensitivity analysis will be performed on the toe location and extent/depth of the 

failure surface, the magnitude of permeability anisotropy within the lower clay unit, and the 

hydraulic conductivity of the remoulded clay and glacial till material, to examine the corresponding 

influence on model results. 

 

3.2 Mud Creek Field Site 

In 2008, a small section of Mud Creek, located just east of Ottawa (Figure 3.2) was selected as the 

location for a long-term case study with the intent of monitoring an active landslide. Locations 

along sections of Mud Creek were investigated due to previously documented instabilities within 

the region (Hugenholtz and Lacelle, 2004). The narrow V-shaped cross valley profiles at Mud 



 

97 

 

Creek are particularly unstable in terms of valley development, as they are most often susceptible 

to incision, erosion and over-steepening. A unifying characteristic of the documented failures along 

Mud Creek was the preference for failures to occur along the outer bends of the creek, highlighting 

the influence of toe erosion on instabilities within the Mud Creek valley (Hugenholtz and Lacelle, 

2004). As such, a site located on the outer bend of Mud Creek was selected for investigation. At 

the time of selection, localized toe failures were visible as a result of erosion, as was a meter-high 

tension scarp running parallel to the creek, offset approximately 30 meters upslope (Potvin, 2013). 

Both of these pre-failure conditions, as outlined by Leroueil (2001), reinforced the potential for 

future failure events at the site.  

 

Continued river erosion resulted in further localized failures at the base of the slope in 2011. This 

event is considered a probable precursor to the first major landslide event at the Mud Creek field 

site in March 2012. The 2012 failure scarp was 13 meters wide, and extended approximately 20 

meters up from the toe of the slope. Local buttressing of the spoils against the other bank of the 

slope may have aided the short term stability of the slope, preventing further retrogression from 

occurring in the subsequent hours or days. However, approximately one year later, in April 2013, 

a second failure occurred, with the slide retrogressing another 10 meters and reaching the backscarp 

first observed by Foster and Take (2011). The full progression of the landslide is detailed in Figure 

3.3. Further instability at the site appears to have been suspended, although the continual 

monitoring of the ground control points (surface deformation points) indicate that displacements 

are still migrating towards the creek, thus suggesting the potential for further retrogression at the 

site (Bentley, 2015).  

 



 

98 

 

3.2.1 CPT Results and General Site Stratigraphy: 

Potvin’s (2013) site investigation involved multiple Cone Penetration Tests (CPT), and defined the 

general stratigraphy of the site (Figure 3.4). Based on the fluctuations in tip resistance and excess 

pore pressures, it was determined that the stratigraphy could be divided into four main units 

(Fransham and Gadd, 1977; Potvin, 2013): a weathered surficial crust, an upper clay unit 

(freshwater clay), a lower clay unit (deep-water marine clay), and a permeable glacial till deposit. 

The surficial crust layer extends to a depth of approximately 2.5-3 meters, and is characterized by 

rather large fluctuations in tip resistance, with an undrained shear strength generally larger than the 

underlying, intact freshwater clay. The upper clay unit comprises the largest deposit at the site, 

extending a depth of approximately nine meters. This unit was observed to display red-grey colour 

and textural banding (Fransham and Gadd, 1977), as well as a linear increase in tip resistance and 

undrained shear strength with depth. The thickness of the lower lying marine clay is observed to 

vary between 2 to 3 meters, and is inclined between 2 and 2.5° (Potvin, 2013). This unit is dark 

grey in colour and displays black sulphurous streaks. Its extents are distinctly evident in the CPT 

profiles as a result of the sudden decrease in tip resistance attributed to the increased sensitivity 

within the unit. The tip resistance in the glacial till region is seen to be highly variable, suggesting 

a poorly sorted material. Due to the presence of cobbles and gravel, the full extent of the till layer 

was not determined through CPT testing, with multiple tests reaching refusal at various depths. 

Ground surface elevations at the site were determined through the use of GPS surveying and high 

density 3D point clouds developed through aerial photogrammetry (Potvin, 2013). Figure 3.4 

displays the 2D cross section of the ground surface elevations acting along the slope profile A-A’ 

(Figure 3.3), both prior to, and after the failure in the spring of 2013. It is important to note the 

displacement of the creek bed after the 2012 and 2013 failures (denoted on Figure 3.4), as the spoils 
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from the slides caused temporary damming of the stream, and forced the creek to incise new paths. 

Therefore, one can assume that the majority of the material below the resulting creek beds is 

remoulded. Unfortunately, due to the inherent safety risks of performing site investigations within 

an active failure surface, the stratigraphy within the remoulded spoils from the 2012 and 2013 

landslides was not quantified. As a result, it is unknown exactly how deep the failure surfaces may 

have propagated into the lower clay region at the toe. The areas in which the stratigraphic units 

have been quantified are therefore outlined by solid lines in Figure 3.4, while areas with unknown 

stratigraphy (mainly within the failure surface), are represented by dashed lines, and indicate the 

best estimate of the post-failure stratigraphy (based on known stratigraphic points).  

 

3.2.2 Hydraulic Conductivity Testing of Stratigraphic Layers 

As previously mentioned, the pore pressure distribution and groundwater regime acting along a 

slope are governed not only by the slope stratigraphy, but also by the presence of permeability 

contrasts within the system (Hodge and Freeze, 1977). Because of this, constant head permeability 

tests were conducted on all clay units at the Mud Creek field site with the aim of quantifying the 

hydraulic conductivities in both the horizontal and vertical directions. The results of this test series 

are outlined in Table 3.1 and Figure 3.5, and can be compared directly to dissipation tests from 

Potvin (2013) in Table 3.2. Notable similarities in the hydraulic conductivity of the upper and lower 

clay are observed, despite their different depositional environments. Additionally, there does not 

appear to be any significant anisotropy in either clay deposit, a trend which appears to be consistent 

with other Champlain Sea clay deposits (Larsson, 1981; Olsen and Daniels, 1981; Tavenas et al., 

1983). The crust layer exhibits the lowest hydraulic conductivities measured during constant head 

permeability tests. This contradicts the conclusions of Lefebvre (1986), but is perhaps best 
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explained by comparing the size of an intact laboratory specimen (50 mm), to in-situ fissures, which 

govern the field permeability in the weathered crust. Hydraulic conductivity testing was conducted 

on the remoulded clay, permeability was back-calculated from oedometer testing results and plotted 

on Figure 3.5. The remoulded clay was initially unsaturated, and therefore, the conductivity values 

interpreted from the initial loading stages are considered to be a lower bound, and are represented 

by open circles on Figure 3.5. 

 

3.2.3 Long-Term Hydrogeological Monitoring Program 

A long-term hydrogeological monitoring program was initiated by Potvin (2013), and conducted 

in stages, with electric push-in piezometers installed after the March 2012 and April 2013 

landslides. Piezometers were installed throughout the site to monitor seasonal and daily fluctuations 

in the ground water regime, with data recorded every 10 minutes (Potvin, 2013). The spatial 

distribution of all piezometers is shown in Figure 3.3, and each piezometer’s local x-coordinate and 

depth is projected along cross-section A-A’ in Figure 3.4. All weather data (both historical and 

present day) influencing pore pressure distributions such as temperature, precipitation, and snow 

cover, were defined by measurements from the Ottawa International Airport weather station, which 

is located approximately 15 km SW of the Mud Creek field site. 

 

The long-term monitoring program allows for interpretation of the stage of valley development for 

Mud Creek. Results of the total head distributions for 2013, 2014 and 2015 are plotted in Figures 

3.6, 3.7, and 3.8 respectively, and allow for a preliminary evaluation of valley development (Figure 

3.1). A downward gradient (piezometer 12-A2 and 13-A5) is observed in the upper clay behind the 

slope. The total head measurements between piezometer 12-A2, 13-A5 and 12-A1 indicate that 
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there is a significant downward gradient across the lower marine clay unit (Potvin, 2013), and 

artesian pressures are recorded in the piezometers (12-A1 and 13-A7) within the till. Comparing 

these total heads to the average creek levels (highlighted in Figures 3.6 to 3.8) indicates that an 

upward gradient operates at the toe of the slope. Therefore, the groundwater regime at Mud Creek 

is consistent with the intermediate stage of valley development (Lefebvre, 1986). 

 

The total head regime at Mud Creek responds to both seasonal and daily weather fluctuations. Peak 

total heads are typically observed during the early spring, as a result of the increased infiltration 

associated with spring thaws (Gauthier and Hutchinson, 2012). Summer storms are also seen to 

cause increases in pore pressures near the slope (spikes in 12-A3, observed in May and June), 

however, these events are relatively short and the generated pore pressures dissipate relatively 

quickly. In general, the seasonal fluctuations between the maximum and minimum water levels are 

exaggerated near the scarp (12-A3, 12-A4) as a result of their vicinity to the slope face, whereas 

seasonal fluctuations in piezometers farther away from the slope (12-A2, 13-A5, and 13-A10) 

display a more tempered response. The relatively constant heads observed within the till (12-A1 

and 13-A7) suggest that seasonal fluctuations play a limited role in the pore pressure distribution 

within this unit. 

 

3.3 Idealization of Hydrogeological Models  

Due to the episodic nature of the retrogression at Mud Creek, the 2013 failure is considered a 

drained phenomenon, and should be analyzed in terms of a long-term drained instability. As a 

result, it is necessary to have a knowledge of the pore pressure distribution at the time of failure. 

The pore pressure distributions of interest were modelled through steady state two-dimensional 
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analyses, using GeoStudio 2012 Seep/W finite element software. The models were projected one 

meter into the page and consisted of approximately 10,000 elements with a global element size of 

0.5 meters. In order to accurately model the total head distributions through steady state hydraulic 

modelling, the following parameters were required: 

1. The pore pressure distributions at times of interest. 

2. The geometry and stratigraphy. 

3. Hydraulic material properties (saturated and unsaturated for surficial layers).  

4. Boundary conditions. 

 

3.3.1 Pore Pressure Distributions at Times of Interest 

Mitchell and Eden (1972) investigated the relationship between groundwater levels and slope 

movements in Champlain Sea clay deposits. They discerned that the majority of annual movements 

occur during the spring, when slopes are subjected to prolonged periods of elevated ground water 

levels. It is important to note that not all periods of elevated groundwater levels result in failure, 

but the associated displacements may nonetheless play a pivotal role in the development of pre-

failure conditions within a slope (Mitchell and Eden, 1972). Gauthier and Hutchinson (2012) 

reported similar spring induced slope movements, and determined that a steady supply of surface 

infiltration from precipitation and snowmelt were a necessary precondition for large-scale 

retrogressive landslides. Therefore, total head regimes associated with spring thaws, snow cover, 

and daily precipitation were investigated for times of interest from 2012 to 2015. The results of this 

investigation are displayed in Figures 3.9 to 3.12, while the magnitude of total head increase in a 

near slope piezometer (12-A3) for all significant snowmelts is plotted in Figure 3.13, and 

highlighted in Table 3.3. Although pore pressure distribution was not monitored in 2012, the 
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snowmelt and rainfall are plotted as a result of an episodic failure event which occurred in March. 

In 2013, two separate instances of snowmelt were observed, similar to the 2012 event, which 

resulted in another episodic failure event. In 2014 and 2015, a single instance of snowmelt was 

observed and the resulting pore pressures were seen to increase only once, while the slope remained 

stable. 

 

Figure 3.10 and 3.11 display the two points in time of interest selected for hydrogeological model 

calibration during each spring. The 2013 spring was selected due to the retrogressive failure event 

that occurred, and the availability of total head distributions. The peak total head distributions 

associated with the 2014 and 2015 models were not observed to differ significantly, and due to the 

fact that no significant movements were measured in either year, 2014 was selected for further 

analysis. For each year, the first model simulates the total head regime during the pseudo-steady 

state period at the beginning of March (pre-snowmelt model). The second model simulates the peak 

total head distributions associated with spring snowmelts during April (post-snowmelt).  

 

3.3.2 Model Geometry and Stratigraphy 

The model geometries are displayed in Figures 3.14a and b, and are based on surface topography 

as measured by Potvin (2013). Stratigraphy for both the 2013 and 2014 models were developed 

based on CPT soundings by Potvin (2013) (Figure 3.4). From the surface, soil layers include crust, 

upper clay, lower clay, and glacial till. The till thickness was interpreted from bedrock sounding 

results (Belanger, 2001; Hugenholtz and Lacelle 2004), which indicated that the depth to bedrock 

below the base of Mud Creek varied between 22 and 25 meters. During episodes of instability, the 

slope of the Mud Creek field site has been observed to retrogress between 10 and 20 meters, per 
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event (see ground surface profiles in Figure 3.4). The material involved in the event remoulds, 

which causes its material properties, including hydraulic conductivity, to change. The exact depth 

of the failure surface, however, is unknown, and therefore the extent of the remoulded material 

(clay) at the toe is defined by extending the failure scarp at the top of the slope to the glacial till 

layer. This assumption was assessed from initial model results, and will be examined in the 

sensitivity analysis section. As a result of the increase in tip resistance from CPT soundings, and 

the associated higher strength, the failure surface was not assumed to propagate into the till. As 

such, the till stratigraphy at the toe of the slope was kept constant between the 2013 and 2014 

models.  

 

3.3.3 Material Properties 

This section describes the material properties applied to the 2013 and 2014 hydrogeological 

models, all material properties described below were kept constant through the modelling exercise. 

Material inputs required for steady state seepage models include the saturated vertical hydraulic 

conductivity (kysat), the ky/kx ratios from all layers, and estimates of the unsaturated permeability 

function (kyunsat) for near surface layers. All model parameters are listed in Table 3.4. 

 

The saturated hydraulic conductivities of the clay units and glacial till were determined through 

constant head permeability testing, in-situ dissipation testing, or estimations based on previous 

investigations. Results of constant head and in-situ dissipation tests are given in Figure 3.5, and 

represent the acceptable range of saturated hydraulic conductivities for the upper and lower clay 

units. The field permeability of the surficial crust is governed by the structure of the layer due to 

the effects of in-situ fissures and desiccation. Lafleur et al (1987) reported that the conductivity 
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within this weathered crust could vary between 10-7 and 10-8 m/s, and generally decreased with 

depth. As a result, the conductivities measured through constant head testing were indicative of the 

intact clay, and were not representative of in-situ conditions. Therefore, a permeability of 2 x 10-8 

m/s was applied over the entire crust thickness. The general consensus between previous 

investigations (Lafleur et Lefebvre, 1980; Rosenberg et al., 1985; Lefebvre, 1986; MTQ, 2011) 

indicates that the permeability of the glacial till deposit may be assumed to be 100 to 1000 times 

more permeable than the overlying clay deposits. As such, a permeability of 10-6 m/s was assumed 

in this analysis. A permeability of 5 x 10-9 m/s was selected for the remoulded clay material based 

on the results displayed in Figure 3.5. Initially, the remoulded samples were observed to be 

unsaturated; the values of permeability thus represent a lower bound solution to permeability. 

Additionally, due to the nodular structure associated with the remoulded material, it was assumed 

that the void ratios within this region would be higher than those in the upper clay, resulting in an 

increase in permeability between the two deposits. 

 

The ky/kx ratios displayed in Table 3.4 were determined through constant head permeability testing 

in both the vertical and horizontal orientations. Anisotropy in the crust layer was assumed to be 

negligible due to the fissuring and desiccation associated with freeze thaw cycling and the 

weathered nature of the crust. Due to the relative permeability of the glacial till to the lower clay, 

anisotropy was not considered an important parameter within this unit. The degrees of anisotropy 

measured for both the upper (1.16) and lower (0.61) clay units in laboratory testing were applied 

to the hydrogeological models. The low degree of anisotropy within these units is consistent with 

investigations in Champlain Sea clays, as Tavenas et al., (1983) indicated similar ky/kx ratios (0.7 

to 1.23) at 14 different sites across Quebec. 
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In steady state modelling, assumed kunsat functions are considered an acceptable representation of 

the unsaturated behaviour of near surface layers.  The early iterations of the pre-snowmelt models 

in 2013 and 2014 indicated the presence of an unsaturated zone near the slope face and remoulded 

toe. As a result, unsaturated functions were defined for the crust, upper clay and remoulded clay. 

The estimated water retention curves (WRC) and corresponding unsaturated hydraulic conductivity 

functions are displayed in Figures 3.15a and b. The WRC was estimated from grain-size analyses 

on the upper clay unit, while a sample function was applied to the crust and remoulded sections. 

These sample functions are adequate for steady state modelling, however, if further transient 

analyses are conducted, it is advised that the WRCs for all units be quantified.  

 

3.3.4 Boundary Conditions 

The boundary conditions implemented in this analysis were similar to the boundary conditions 

outlined by the MTQ (2011) investigation into the failure at Saint Jude. These boundary conditions 

consisted of a constant infiltration rate applied at the top of the slope, the creek height, and potential 

seepage/review boundaries along the slope face, as denoted on Figures 3.14a and b. No flow 

boundaries were defined along any other model extents. The numerical values assigned to all 

boundary conditions for the individual models are displayed in Table 3.5. All model meshes were 

composed of an “unstructured rectangular mesh”, and consisted of approximately 10,000 elements, 

with a global element size of 0.5 meters. Due to the relative scale of the model, an element size of 

0.5 meters was deemed sufficiently accurate to depict the groundwater behaviour.   
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3.4 Results of Hydrogeological Models 

3.4.1 2013 Model Results 

The modelled total head distributions associated with the pre-snowmelt and post-snowmelt 2013 

groundwater regimes are presented in Figure 3.16a and b. The resulting behaviour of the 

groundwater regime within the models displays identical characteristics to those operating along 

the slope. As a slight downward gradient is seen to exist behind the slope, the total head differences 

between the upper clay and glacial till results in a strong downward gradient within the lower clay 

deposit. Artesian conditions are quantified within the till, and the increased permeability within this 

region results in preferential horizontal groundwater flow at relatively constant total head levels. 

The horizontal flow continues within the glacial till deposit until it reaches the creek bed at the toe 

of the slope, at which point an upward gradient exists as a result of the artesian conditions within 

the till. 

 

The proximity of these results compared to field piezometer measurements is outlined in Figures 

3.17a and b. The average absolute difference (± 11 cm), between the modelled total heads and those 

observed in the field, indicate that the models accurately capture the in-situ total head distributions 

observed at Mud Creek on March 1, 2013 (pre-snowmelt) and just prior to the most recent 

retrogressive failure (post-snowmelt) on April 10, 2013. These results are considered to be more 

than satisfactory for future stability analyses. The largest pore pressure discrepancy of 30 cm 

(piezometer 12-A4), represents a deviation of only 3 kPa in the resulting in-situ effective stresses, 

which governs the long-term drained stability analyses. Figure 3.16b illustrates the magnitude of 

the increase in the groundwater table prior to the April 2013 failure, as field piezometer 

measurements display an increase of approximately two meters in total head near the slope face. 
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The results of the April 2013 model suggest that this increase corresponds to a virtually saturated 

slope, as the groundwater table is elevated to the ground surface along the top of the slope, and 

within the remoulded toe, thus reinforcing the potential for destabilizing seepage at the slope face, 

as suggested by Potvin (2013).  

 

3.4.2 2014 Model Results 

The total head distribution operating within the 2014 hydrogeological models is presented in Figure 

3.18a and b, and the corresponding relationship between the model results and in-situ field 

measurements is outlined in Figure 3.19a and b. The groundwater regime is again seen to present 

a strong correlation with the field piezometer data displaying an average absolute difference of ±23 

cm, with the largest discrepancies (≈50 cm), at piezometers 13-A10 (pre-snowmelt), and 12-A1 

(pre and post-snowmelt) representative of a mere 5 kPa differential in the resulting effective stress. 

Additionally, the proximity of the in-situ and modelled total head values for piezometer 13-A7, 

suggest that the magnitude of the artesian conditions within the till and the resulting upward 

gradient (i≈2) acting at the toe of the slope is adequately quantified, allowing any potential 

destabilizing effect to be quantified in future stability analyses.   

 

The 2014 hydrogeological models display a similar groundwater regime to that of 2013, as 

downward gradients continue to operate behind the slope, with artesian conditions ever present 

within the permeable till. These artesian conditions are again seen to be relatively constant, 

operating under preferential horizontal flow, resulting in continued upward gradients at the toe of 

the slope. The major difference between the 2013 and 2014 hydrogeology appears to be associated 

with the increased inclination of the backscarp after the 2013 failure, as the magnitude of drawdown 
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near the slope face is decidedly larger, however, the potential for destabilizing seepage at the slope 

face is still observed.  

 

3.5 Sensitivity Analysis  

The combination of material properties and boundary conditions defined in the models above, 

provides an accurate representation of the pore pressure distributions and the associated 

groundwater regime present during times of interest at the Mud Creek field site. However, these 

parameters should not be considered representative of a unique solution, as they were conducted 

under a number of assumptions related to stratigraphy, material properties and infiltration rates. As 

a result, it is imperative to conduct a sensitivity analysis on these assumptions, not only to examine 

their validity, but to provide a more thorough understanding of their effects on the groundwater 

regime. The section outlines the sensitivity analysis conducted on the 2013 pre-snowmelt 

hydrogeological model, with emphasis on the following assumptions; the remoulded clay location 

and the depth and extent of the failure surface, the hydraulic conductivity of the remoulded clay, 

the hydraulic conductivity of the till unit, and the permeability anisotropy associated within the 

lower clay.  

 

3.5.1 Remoulded Clay Location and Depth/Extent of Failure Surface 

Due to the relatively unknown stratigraphy outside the site characterization zone, the similar peak 

and post-peak strengths quantified between the upper and lower clay units, and the preferential 

development of deep seated failures associated with artesian conditions (Lefebvre, 1986), the 

simplifying assumption of a completely remoulded toe region was applied to all hydrogeological 

models. However, it is possible that part of the lower clay deposit within the failure surface 
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remained intact after the episodic failure event. As a result, a sensitivity analysis investigating the 

impact of the location and extent of the remoulded clay was conducted, and the following cases 

were considered as summarized in Figure 3.20a to d: 

(a) An intact lower clay layer (0.5 meter thickness) above the till. 

(b) The complete remoulding of the toe region near the base of the scarp, with intact lower 

clay below the creek. 

(c) An intact clay lower layer at the base of the scarp, with remoulded material present below 

the creek bed. 

(d) A theoretical rotational failure plane cutting through the intact lower clay deposit, with 

remoulded material below the creek bed.  

 

The results of the sensitivity analysis in terms of change in total head from the base case are 

presented in Figure 3.20e. The presence of an intact clay layer above the till along the entirety of 

the failure surface (Case A), was not seen to adequately capture the artesian conditions operating 

within the glacial till unit, as the total head in this unit was overestimated by approximately 3.5 

meters. This effect was subsequently transferred to the overlying upper clay deposit, as the 

necessary drawdown required at the slope was prevented by the elevated total heads within the till, 

resulting in a substantial increase in the total head at piezometer 12-A4 (closest to slope). Similar 

trends were presented in Case B, although the presence of remoulded clay at the base of the failure 

surface resulted in slightly lower discrepancies in total head distribution in comparison to Case A, 

as the total heads within the till were observed to be overestimated by approximately 2 meters, 

while all upper clay material was within 1 meter of the base case values. Case C and D represent 

instances in which completely remoulded material was present under the creek bed, while 
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comparing different shapes of intact lower clay deposits. Both models resulted in total head regimes 

that were within ±30 cm of the base case model, thereby suggesting that the material underlying 

the creek bed must be remoulded, and that a hydraulic connection must exist between the remoulded 

material and the glacial till deposit. The displacement of the creek bed after the 2012 and 2013 

failures, as highlighted in Figure 3.4, reinforces the possibility of thoroughly remoulded material 

below the creek bed. As after each subsequent failure, the creek was displaced and forced to incise 

a new path through the spoils.  Therefore, as a result of this analysis, and the agreement between 

the 2013 pre-snowmelt base case model and the results from Case C and Case D, it appears that the 

simplifying assumption of the fully remoulded toe region provides a hydraulically accurate 

representation of the hydrogeology at Mud Creek.  

 

3.5.2 Remoulded Clay Hydraulic Conductivity 

The relationship between void ratio and conductivity within the remoulded clay material has been 

well defined through laboratory testing. The stipulated remoulded clay conductivity was selected 

on the basis that the void ratio within the spoils was greater than the intact upper clay material, and 

that the initial unsaturated permeabilities from oedometer testing were representative of a lower 

bound solution. Although this assumption is accurate, the exact in-situ void ratio occurring within 

the remoulded spoils, and the corresponding hydraulic conductivity, is unknown. Therefore a 

sensitivity analysis was conducted in order to assess the relative effects of the remoulded clay 

conductivity on the groundwater regime. The two cases which were considered are as followed; 

Case A, in which the remoulded clay conductivity was decreased to equal that of the intact upper 

clay (3 x 10-9 m/s), and Case B, where the remoulded clay conductivity was increased to 8 x 10-9 
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m/s. The total head distributions associated with these analyses, and the correlation to in-situ field 

values are displayed in Figure 3.21a and b.  

 

The effects of increasing and decreasing the remoulded clay permeability are observed to produce 

relatively minor changes to the total head distribution acting within the upper clay deposit, as both 

cases were observed to present variations of approximately 0.5 cm. As a result of the increased 

permeability, the drawdown associated with a remoulded clay conductivity of 8 x 10-9 m/s is 

considerably larger, leading to a decrease in total head distribution along the slope. This effect 

would only be subsequently magnified in April during times of increased infiltration, and would 

thus result in a less accurate post-snowmelt model. Additionally, the permeabilities appear to 

represent an upper and lower bound at which any further increase and decrease, would result in 

artesian conditions that would no longer be considered acceptable for stability analyses. This 

behavior is most likely governed by the increased/lack of permeability contrast between the 

remoulded clay and the intact upper clay, thus reinforcing the assumption that the remoulded 

material must be more permeable (to a degree), than that of the intact clay. As such, it appears that 

for a stipulated upper clay permeability of 3 x 10-9 m/s, a remoulded toe conductivity of 5 x 10-9 

m/s presents the most accurate representation of in-situ total head distribution at Mud Creek. 

 

3.5.3 Till Unit Hydraulic Conductivity 

The conductivity of the lower lying till (1 x 10-6 m/s) was assumed from previous investigations by 

Lafleur and Lefebvre (1980) and Lefebvre (1986), which stipulated that this unit could be up to 

100 or 1000 times more permeable than the overlying clay deposit. The slopes within these 

investigations were composed of a uniform Champlain Sea clay deposit, and as such, did not 
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account for the potential presence of other stratigraphic units above the underlying till. However, 

due to the thickness of the upper clay deposit in relation to the lower clay, it was assumed that the 

permeability contrast should be taken in relation to the upper clay. In order to examine the validity 

of this assumption, the following variations on glacial till permeability were tested; Case A, a 

permeability of 1 x 10-7 m/s, Case B: a permeability of 1 x 10-5 m/s, and Case C: a permeability of 

3 x 10-7 m/s. Results of this sensitivity analysis are displayed in Figure 3.22a and b. 

 

Based on these results, it appears that the total head distributions associated with any permeability 

above 3 x 10-7 m/s is relatively constant, as the downward gradients within the upper clay behind 

the slope and through the lower clay layer remain unchanged. However, once the till conductivity 

is lowered below 3 x 10-7 m/s, the gradients within the upper and lower clay units are seen to 

decrease, allowing elevated total heads to exist within the glacial till deposit. Therefore, it appears 

that a permeability of 3 x 10-7 m/s must represent the lower bound of the glacial till permeability 

threshold in relation to the specified upper and lower clay conductivities. Results of this study thus 

suggest that the permeability of the glacial till at Mud Creek can exist over a rather large range of 

values within 100 to 10,000 times more permeable than both the upper and lower clay units. 

 

3.5.4 Lower Clay Permeability Anisotropy 

The magnitude of permeability anisotropy within both upper and lower clay deposits was quantified 

from constant head tests conducted in both the horizontal and vertical directions. Anisotropy within 

the crust layer and upper clay was rather insignificant, a relationship which is not uncommon in 

marine clays (Larsson, 1981; Olsen and Daniels, 1981; Tavenas et al., 1983). The lower clay 

however did display more notable anisotropy, with a preferential for flow within the horizontal 
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direction. As such a ky/kx ratio of 0.61 was applied to this unit for the purpose of hydrogeological 

modelling. In order to investigate the effects of this ratio, a sensitivity analysis was conducted with 

the following ky/kx ratios, 0.5, 0.75 and 1. The results of this analysis are displayed in Figure 3.23a 

and b, highlighting the change in total head contours and the resulting variances from field 

piezometer values.  

 

Results from this sensitivity analysis reveal that although the anisotropy present within the lower 

clay layer is relatively low, it does have a significant influence on the total head distributions within 

the model. A ky/kx ratio of 0.5, was observed to result in a more significant downward gradient 

within the lower clay, and as such, the downward gradient within the upper clay reduced and 

resulted in elevated total head levels. By contrast, the ky/kx ratios of 0.75 and 1, were observed to 

decrease the downward gradients within the lower clay layer, thereby increasing gradients within 

the upper clay, resulting in decreased total heads, and allowing more water to infiltrate into the till. 

 

3.6 Discussion: 

Total head distributions and rates of snowmelt resulting from yearly spring thaws are outlined in 

Figures 3.9 to 3.12 and Table 3.3. Results of these figures indicate that snowmelts typically induce 

larger increases in total head distributions than rainfall. Additionally, snowmelts are observed to 

cause more prolonged periods of elevated total heads which are harder for the slope to dissipate. 

Rainfall events, by contrast, are observed to produce more immediate fluctuations in total heads, 

which dissipate relatively quickly upon the termination of the rainfall event. The retrogressive 

failures of 2012 and 2013, occurred after springs in which two distinct instances of snowmelt were 

observed (Figures 3.9 and 3.10). As such, it appears that instances of two rapid snowmelts (rate of 
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snowmelt > 2 cm/day) occurring in quick succession (separated by two weeks or less) result in a 

worst case scenario for slope stability. Figure 3.10 highlights the total head distributions in 2013 

produced by two successive snowmelts within two weeks of each other. From this Figure, it is 

evident that the total heads induced from the first melt (2013-1, Table 3.3) had not adequately 

dissipated prior to the second snowmelt (2013-2, Table 3.3). Therefore, the first snowmelt may be 

a necessary precursor to sufficiently elevate the initial total heads in order to allow for the second 

snowmelt to produce total heads which are critical to slope stability.  

 

Years of interest in which only one instance of rapid snowmelt occurred (2014 and 2015) did not 

result in significant slope movements or instability. During these springs, the initial total heads 

were not elevated to a sufficient degree to cause instability after snowmelt. This is distinctly evident 

in 2015, when the total head in piezometer 12-A3 was only 60.28 meters prior to snowmelt, and as 

such, the total snowmelt of 60 cm (similar to the total snowmelt from 2012 and 2013) did not 

produce critical total heads. Additionally, the snowmelt in 2015 was also observed to occur in two 

distinct phases, a rapid phase (2015-1a, Table 3.3) in which snow cover was reduced from 54 cm 

to 21 cm, and a prolonged phase (2015-1b, Table 3.3), in which snow cover was reduced from 26 

cm to 0 cm. The prolonged nature of the final snowmelt thus allowed the slope to dissipate the 

induced total heads more easily than in previous years of rapid snowmelt; and therefore, the total 

head distributions did not result in instability.  

 

3.7 Conclusions 

The episodic retrogressive failure events at Mud Creek occur as a result of increased seasonal pore 

pressures associated with spring thaws. These increased pore pressures  result in drained localized 
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failures, which are not observed to produce undrained failure conditions and therefore do not result 

in full retrogression (Locat et al 2014). Thus, the retrogressive events at Mud Creek can be 

described as a series of drained failures, and as such, an in-depth understanding of the groundwater 

regime is necessary to analyze slope stability. Similar to many Champlain Sea clay deposits in 

Eastern Ontario and Quebec, the groundwater regime at Mud Creek is dominated by the presence 

of an underlying till deposit that may be 100 to 1000 times more permeable than the overlying 

Champlain Sea clay (Lefebvre, 1986). The results from a long-term hydrogeological monitoring 

program implemented by Potvin (2013), indicate the presence of artesian conditions within the 

underlying till, resulting in an upward gradient acting at the toe of the slope. These artesian 

conditions beneath the slope, and the increased landslide activity in the region (Hugenholtz and 

Lacelle, 2004) suggest that the river banks along Mud Creek are currently within the intermediate 

stages of valley development as outlined by Lefebvre (1986). 

 

Typically, landslide investigations are reactive by nature, and occur after a given failure in an 

attempt to determine the causes and triggering mechanisms associated with instability. As a result, 

the pore pressure distributions within failed slopes at the time of failure are generally estimated, or 

at best insinuated from the pore pressure distributions of adjacent slopes (Demers et al, 1999; MTQ 

2011, Locat et al, 2014). The long-term monitoring program implemented by Potvin (2013) thus 

presents a rare case study in which the pore pressure distributions along the slope are known (at 

most) 10 minutes prior to the onset of a retrogressive failure event. Therefore, a hydrogeological 

modelling exercise was conducted to model the total head distributions associated with the springs 

of 2013 and 2014. The spring of 2013 was selected for investigation as a result of an observed 

failure event, and the availability of known total head measurements. The spring of 2014 was 
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selected as a result of the similarity between total head distributions in 2014 and 2015 during times 

of interest, and due to the fact that no significant movements were measured in either year.  

 

The objective of this exercise was to model the total head regimes in 2013 and 2014, while holding 

all material properties constant. For both springs two times of interest were modelled, one of which 

was considered to be pseudo-steady state (pre-snowmelt), and the second of which was related to 

the peak pore pressures (post-snowmelt) induced by spring thaw and rainfall. The results of this 

investigation indicated that the selected material properties could be applied to steady state seepage 

analyses on both the 2013 and 2014 cross-sections. The various models were observed to present a 

strong agreement to the in-situ pore pressure distributions at all times of interest, as the average 

absolute difference for all models was observed to be between ±11 cm (2013) and ±23 cm (2014). 

Due to some minor assumptions within the model, there may exist other combinations of material 

properties and boundary conditions which may adequately represent the pore pressure distributions 

acting at Mud Creek. Therefore, these boundary conditions/material parameters should not be 

considered representative of a unique solution, although due to their accuracy with respect to in-

situ field measurements, the resulting models presented above are considered sufficient in order to 

proceed with effective stress slope stability analysis. 

 

Potential triggering mechanisms were investigated in this Chapter. From this investigation it was 

determined that two instances of rapid snowmelt, which occur within two weeks of each other, 

results in a worst-case scenario for slope stability. These instances of rapid snowmelt were observed 

in both 2012 and 2013, and resulted in the failure of the slope. The total head distribution 

corresponding to the 2013 snowmelts was captured by the long-term monitoring program. Total 
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heads were observed to increase by approximately two meters, and corresponded to a nearly 

saturated slope at the onset of failure. It appears as though the first instance of snowmelt results in 

an increase in total head that is not sufficiently dissipated prior to subsequent infiltration from the 

second snowmelt event. This causes a further increase in total head, resulting in critical elevations 

and therefore instability. In 2014 and 2015, only one instance of snowmelt occurred, resulting in 

increases in total head which were not observed to correspond to a fully saturated slope. In these 

years, initial total head distributions were observed to be lower than in 2012 and 2013, and the lack 

of a first snowmelt event resulted in lower final total head distributions; as such, the slope remained 

stable. Additionally, snowmelts were observed to produce more prolonged periods of elevated total 

heads than rainfall. These prolonged periods of elevated total heads have been previously linked to 

slope instability by Mitchell and Eden, 1972. As such, it can be concluded that snowmelt is a more 

significant triggering mechanism than rainfall to retrogressive failure events at Mud Creek.  

 

A sensitivity analysis performed on the pre-snowmelt 2013 hydrogeological model indicated that 

a hydraulic connection was necessary between the remoulded material beneath the creek bed and 

the underlying glacial till. When an intact clay layer (0.5 m thick) was placed at the base of the 

creek bed, the total heads within the till were observed to increase to levels well above in-situ field 

measurements. This sensitivity analysis also highlighted that the depth, extent, and shape of the 

failure surface was of minimal importance, so long as remoulded clay was present at the base of 

the creek bed. As a result of this investigation, it was determined that the simplifying assumption 

of a completely remoulded clay toe was adequate for the purpose of steady-state modelling. The 

presence of fully remoulded material at the base of the creek bed is also further reinforced by the 

observed displacement of the creek after failure events. Results of a sensitivity analysis on the 
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conductivity of this remoulded clay, displayed that a certain permeability contrast between the 

remoulded clay and intact upper clay was necessary to produce the correct amount of drawdown 

near the slope face. Till conductivity was not observed to have a significant effect on total heads 

during hydraulic modelling due to its relative permeability compared to the overlying clay deposits. 

The ky/kx ratio however, was observed to have a significant effect on the downward gradients within 

the upper and lower clay deposits, as an increase in the ratio would result in stronger downward 

gradients within the upper clay, and therefore produced larger amounts of drawdown near the slope 

face.   

 

The accuracy of the hydrogeological models presented above, will allow them to be adapted to 

future stability analyses, in which the effects of the underlying artesian conditions on slope 

instability may be quantified. These analyses may be adapted to provide further insight into the 

episodic nature of the retrogression at Mud Creek. 
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Table 3-1: Summary of constant head permeability specimen properties and test results 

Specimen Sample # Depth Unit Orientation 
Gravimetric 

w/c 
Initial Void 

Ratio 
Unit 

Weight 
Effective 

Stress 
Gradient, 

i 
Measured 

Conductivity 

- - m - - % - kN/𝑚3 kPa - m/s 

DB_B1-1Y B1-1 1.5-2.1 Crust Vertical 42 1.19 17.7 32 58 1.4x𝟏𝟎−𝟏𝟎 

DB_B1-1X B1-1 1.5-2.1 Crust Horizontal 42 1.19 17.6 30 66 1.9x𝟏𝟎−𝟏𝟎 

DB_B1-1Y (i=30) B1-1 1.5-2.1 Crust Vertical 41 1.16 17.5 22.5 28 5.8x𝟏𝟎−𝟏𝟎 

DB_B1-5Y B1-5 7.6-8.2 Upper Clay Vertical 66 1.88 15.0 55 59 1.1x𝟏𝟎−𝟗 

DB_B1-5X B1-5 7.6-8.2 Upper Clay Horizontal 68 1.94 15.7 50 62 9.7x𝟏𝟎−𝟏𝟎 

DB_B1-5Y (i=30) B1-5 7.6-8.2 Upper Clay Vertical 73 2.08 15.6 52.5 31 1.2x𝟏𝟎−𝟗 

DB_B1-8Y B1-8 11.7-12.3 Transition Zone Vertical 65 1.87 15.7 73.5 54 7.7x𝟏𝟎−𝟏𝟎 

DB_B1-8X B1-8 11.7-12.3 Transition Zone Horizontal 64 1.84 15.7 70 60 1.3x𝟏𝟎−𝟗 

DB_B1-9Y B1-9 12.3-12.9 Lower Clay Vertical 50 1.44 17 77 55 9.9x𝟏𝟎−𝟏𝟎 

DB_B1-9X B1-9 12.3-12.9 Lower Clay Horizontal 51 1.46 17.1 76 62 1.1x𝟏𝟎−𝟗 

DB_B1-10Y B1-10 12.9-13.5 Lower Clay Vertical 58 1.66 16.1 83 30 7.8x𝟏𝟎−𝟏𝟎 

DB_B1-10X B1-10 12.9-13.5 Lower Clay Horizontal 58 1.66 16.1 83 30 1.1x𝟏𝟎−𝟗 
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Table 3-2: Summary of in-situ pore water pressure dissipation test results (Potvin, 2013) 
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Table 3-3: Summary of 2013 to 2015 snowmelt events, including change in total head in piezometer 12-A3, total snowmelt, and 

corresponding rates of snowmelt  

 

Year-
Event 

12-A3 Initial 
Total Head 

Date 
12-A3 Peak 
Total Head 

Date 
∆Total 
Head 

Initial Snow 
Cover 

Date 
Final Snow 

Cover 
Date ∆Snowmelt 

Rate of 
Snowmelt 

- (m) - (m) - (m) (cm) - (cm) - (cm) (cm/day) 

2013-1 61.88 12/03/2013 62.77 15/03/2013 0.89 28 05/03/2013 5 13/03/2013 23 2.56 

2013-2 62.22 26/03/2013 64.10 09/04/2013 1.88 28 22/03/2013 0 31/03/2013 28 2.80 

2014-1 61.52 31/03/2014 63.12 11/04/2014 1.60 32 30/03/2014 0 08/04/2013 32 3.20 

2015-1a 60.28 11/03/2015 61.03 19/03/2015 0.75 54 09/03/2015 21 14/03/2015 33 5.50 

2015-1b 61.19 04/04/2015 62.99 13/04/2015 1.80 26 16/03/2015 0 05/04/2015 26 1.63 
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Table 3-4: Material parameters for 2013 and 2014 hydrogeological models 

Unit 
Saturated Conductivity, 

 ksat 
ky/kx  
Ratio 

Volumetric Water 
Content 

Water Retention Curve 
Parameters 

- (m/s) - (m3/m3) D10 (mm) D60 (mm) 

Crust 2.0 x 10-8 1 0.53 Sample Function 

Upper Clay 3.0 x 10-9 1.16 0.65 0.00013 0.00125 

Lower Clay 4.5 x 10-10 0.61 0.53 N/A N/A 

Remoulded Clay 5.0 x 10-9 1 0.71 Sample Function 

Glacial Till 1.0 x 10-6 1 0.2 N/A N/A 
 

 

Table 3-5: Boundary conditions for 2013 and 2014 hydrogeological models 

 

Model 
Infiltration 

Rate 
River Total 

Head 

- m/s (m) 

March 1st, 2013 1.05 x 10^-9 53 

April 10th, 2013 5.5 x 10^-9 53.5 

March 3rd, 2014 9.9 x 10^-10 53.5 

April 12th, 2013 1.5 x 10^-9 54 
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Figure 3-1: Lefebvre (1986) model of valley development (after Hugenholtz and 

Lacelle, 2004), adapted to reflect the general stratigraphy of the Ottawa area. 
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Figure 3-2: Location of the Mud Creek Field Site (Foster, 2011) 
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Figure 3-3: Orthophoto after April 2013 failure, outlining the progression of the landslide from 2011 to 2013. Locations of cone penetration testing 

and piezometer installations of interest are indicated. The local coordinate system is set with the zero axis near tree line (after Potvin, 2013) 
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Figure 3-4: Two dimensional cross section (after Potvin, 2013), outlining interpreted stratigraphy, and ground surfaces for indicated time periods. 

Creek displacement after each failure is highlighted (after Potvin (2013)) 
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Figure 3-5: Hydraulic conductivity of, crust, upper clay, lower clay from CPT dissipation, 

flexible wall permeameter and oedometer tests. 
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Figure 3-6: Total head distribution at the Mud Creek field site in 2013. Highlighting times of interest for hydrogeological modelling 
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Figure 3-7: Total head distribution at the Mud Creek field site in 2014. Highlighting times of interest for hydrogeological modelling 
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Figure 3-8: Total head distribution at the Mud Creek field site in 2015. Times of interest are highlighted but no hydrogeological modelling was 

conducted 
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Figure 3-9: a) Snow cover b) daily rainfall, from period prior to 2012 retrogressive landslide event. No 

piezometer data available for this time period 
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Figure 3-10: a) Total Head distributions, b) snow cover, and c) daily rainfall, from period of 

interest in 2013 (after, Potvin, 2013) 
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Figure 3-11: a) Total Head distributions, b) Snow cover, and c) Daily rainfall, from periods 

of interest in 2014 
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Figure 3-12: a) Total Head distributions, b) Snow cover, and c) Daily rainfall, from periods 

of interest in 2015 
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Figure 3-13: Change in Total Head at Piezometer 12-A3 due to spring thaw induced snow 

melt 
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Figure 3-14: FE Model for hydrogeological modelling of Mud Creek in a) Spring 2013 and b) Spring 

2014. Indicating soil stratigraphy and boundary conditions 



 

141 

 

 

 

 

Figure 3-15: Assumed WRCs and unsaturated hydraulic conductivity functions
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Figure 3-16: Mud Creek hydrogeological model results displaying total head contours in units of meters for a) 2013 pre-snowmelt model 

(March 1st 2013) and b) 2013 post-snowmelt model (April 10th 2013). Highlighting the change in ground water elevation prior to and 

after snowmelt  
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Figure 3-17: Comparison between 2013 measured total head and hydrogeological model 

results at times of interest a) 2013 pre-snowmelt model (March 1st 2013) and b) 2013 post-

snowmelt model (April 10th 2013)
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Figure 3-18: Mud Creek hydrogeological model results displaying total head contours in units of meters, for a) 2014 pre-snowmelt 

model (March 3rd 2014) and b) 2014 post-snowmelt model (April 12th 2014). Highlighting the change in ground water elevation prior 

to and 
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Figure 3-19: Comparison between 2014 measured total head and hydrogeological model 

results at times of interest a) 2014 pre-snowmelt model (March 3rd 2014) and b) 2014 post-

snowmelt model (April 12th 2014) 
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Figure 3-20: Sensitivity analysis on remoulded clay location for 2013 pre-snowmelt model (March 1st, 2013) a) Case 

A: Intact lower clay layer above the till, b) Case B: Intact lower clay layer below the creek, c) Remoulded material 

below creek bed, d) Theoretical rotational failure plane with remoulded material below the creek bed, e) Sensitivity 

analysis summary 
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Figure 3-21: Sensitivity analysis on remoulded clay conductivity for 2013 pre-snowmelt 

model (March 1st, 2013) a) Groundwater table variation, b) Resulting total head variations 

a) 
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a) 

Figure 3-22: Sensitivity analysis on glacial till conductivity for 2013 pre-snowmelt model 

(March 1st, 2013) a) Groundwater table variation, b) Resulting total head variations 
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Figure 3-23: Sensitivity analysis on lower clay ky/kx ratio for 2013 pre-snowmelt model (March 1st, 

2013) a) Groundwater table variation, b) Resulting total head variations 
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Chapter 4 

Conclusion 

Natural slopes in Eastern Canada are predisposed to instabilities as a result of a widespread deposit 

of sensitive glaciomarine Champlain Sea clay which has been observed to exhibit a high degree of 

sensitivity due to its open structure and cementation (Crawford, 1968; Mitchell and Klugman, 1979; 

Quigley, 1980; Hugenholtz and Lacelle, 2004). Sensitive clay landslides in the urban Ottawa 

environment are a common occurrence along the banks of watercourses, with particular high 

frequency in the watershed consisting of Green’s Creek and Mud Creek. A recent inventory 

(Hugenholtz and Lacelle, 2004), reported that at least 52 landslides have occurred in this watershed 

since 1928. Additionally, Hugenholtz and Lacelle (2004) reported that the retrogressive failures 

within the watershed displayed rather unique behavior in that they displayed prolonged periods of 

suspension (years to decades) prior to reactivation, while exhibiting retrogressive distances of less 

than 40 meters, and typically involving less than 28,000 m3 of material. This behavior is unusual 

when compared to that of typical retrogressive landslides in Champlain Sea clay deposits, as more 

renowned landslides (e.g. Saint-Jean Vianney, Tavenas et al, 1971; Saint-Jude,  MTQ, 2011,  Locat 

et al, 2012;  Casselman, Eden et al, 1971, Durand et al, 2015;  Lemieux, Evans and Brooks, 1994,  

Locat et al, 2015), have been observed to retrogress significant distances (>200 m) within hours or 

days of their initial failures, and involve over 200,000 m3 of material. This suggests that the 

mechanisms governing the failures at Mud Creek may vary from large-scale retrogressive events 

and to date, are not yet adequately understood. Thus, the objective of this thesis was to conduct an 

in-depth characterization and geotechnical assessment of the Champlain Sea clay deposits at Mud 

Creek, to place their geotechnical properties in context with those observed at sites of large-scale 
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retrogressive landslides. Additionally, as a result of the pore water pressure - induced retrogressive 

failures at Mud Creek, hydrogeological modelling was conducted on field pore pressure 

measurements from a long-term monitoring program initiated by Potvin (2013), to investigate 

seasonal pore water pressure variations along the slope.  

Preconsolidation pressures measured in both in-situ and laboratory testing indicated that the Mud 

Creek field site is heavily overconsolidated (OCR≈5), whereas notable large-scale retrogressive 

landslides in Champlain Sea clay have been observed to occur in slopes which could be described 

as slightly overconsolidated or normally consolidated with OCR values between 1 and 2 (MTQ, 

2011; Locat et al, 2012; Durand et al, 2015; Locat et al, 2015). The overconsolidated nature of the 

Chaplain Sea clay at the Mud Creek field site is thought to have resulted from significant erosion 

from the former proto-Ottawa river. This hypothesis is supported by the high OCRs observed at 

lower surface elevations within the Ottawa region corresponding to the path of the proto-Ottawa 

River (Mitchell, 1970, Paul, 1970),  

The undrained shear strength of both the upper and lower clay were determined through a 

combination of in-situ and laboratory methods. The in-situ undrained shear strengths were 

determined based on the results of tip resistance measured by Potvin (2013). An Nkt value of 15.5 

was applied to the measurements of net tip resistance from conehole CPT 13-10, and resulted in an 

undrained shear strength profile which was observed to vary from 30 kPa to 85 kPa in the upper 

clay, and from 50 kPa to 70 kPa in the lower clay. This undrained shear strength profile is observed 

to be of similar magnitudes to large-scale retrogressive landslides (MTQ, 2011; Locat et al, 2012; 

Durand et al, 2015; Locat et al, 2015). Additionally, the drained shear strength of both the upper 

and lower clay deposits were investigated through a series of consolidated drained triaxial tests. 
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Results of this investigation displayed that the peak and post-peak failure envelopes of the upper 

and lower clay were of similar strengths. Therefore it is hypothesized that the decrease in tip 

resistance observed by Potvin (2013) was a result of the increased sensitivity within the unit, and 

not representative of a decrease in the peak effective stress strength envelope. Peak strength failure 

envelopes were observed to be similar to those of the former Rockcliffe Airforce Base (Mitchell, 

1970), while the post-peak failure envelopes displayed similar strengths to those of Champlain Sea 

clay deposits in Quebec (Lo and Morin, 1972; Lefebvre and La Rochelle, 1974; Lefebvre, 1981). 

Additionally, post-peak strengths presented a strong correlation to the generalized failure envelopes 

for Champlain Sea clay deposits developed by Lefebvre (1981). These generalized envelopes have 

been used previously in slope stability analyses of the Saint-Jude retrogressive landslide (MTQ, 

2011). 

The results of this geotechnical assessment indicate that the strength parameters at Mud Creek are 

of similar or greater magnitudes, to those corresponding to large-scale retrogressive failures 

(Tavenas et al, 1971; Eden et al, 1971; Evans and Brooks, 1994; MTQ, 2011; Locat et al, 2012; 

Durand et al, 2015; Locat et al, 2015). Therefore, when analyzing Mud Creek with regards to the 

empirical correlation outlined by Mitchell and Markell (1974), it can be concluded that the smaller 

river banks at Mud Creek (11 m), result in shorter retrogressive distances. Additionally, the small 

heights of the unsupported bank after failure, in contrast to that of the higher undrained strength of 

the material, would likely limit the immediate full retrogression of the slope. As a result, the bank 

is continually over steepened, and subjected to shear deformations due to increased seasonal pore 

water pressures. Therefore, the retrogressive events at Mud Creek can be described as a series of 

drained failures, rather than an initially drained event which progresses into an undrained failure 

(Locat et al, 2011, Locat et al, 2014). The retrogressive distances of the episodic events may be 
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further limited by the narrow cross-valley profiles at Mud Creek, as a local buttressing effect from 

the remoulded spoils on the opposite bank may result in a temporary stabilization of the slope.  

As a result of the drained nature of the episodic failure events at Mud Creek, an understanding of 

the stability at the site requires an in-depth knowledge of the seasonal pore pressure distributions 

and the local groundwater regime. The groundwater regime appears to be dominated by the 

presence of an underlying till layer, which is estimated to be 1000 times more permeable than the 

upper freshwater clay unit (Lefebvre, 1986). The results from the long-term hydrogeological 

monitoring program initiated by Potvin (2013) indicates that artesian conditions are present within 

the till, and result in an upward gradient at the toe of the slope. This behavior suggests that Mud 

Creek is currently within the intermediate phase of valley development (Lefebvre, 1986), and may 

explain the high degree of landslide activity observed by Hugenholtz and Lacelle (2004).  

Typically, landslide investigations are reactive by nature, and occur after a given failure, in an 

attempt to determine the causes and triggering mechanisms associated with the instability. As a 

result, the pore pressure distributions within failed slopes are generally insinuated or estimated at 

the time of failure. The long-term monitoring program implemented by Potvin (2013) thus 

presented a rare case study in which the pore pressure distributions within the slope were known 

(at most) 10 minutes prior to the onset of a retrogressive event. Therefore, a hydrogeological 

modelling exercise was conducted to model the pore pressure distributions associated with the 

springs of 2013 and 2014. In both years, two times of interest were modelled, one of which was 

considered to be pseudo-steady state (pre-snowmelt), and a second of which was related to the peak 

pore pressures induced by spring thaw and rainfall. In 2013, the peak pore pressures were observed 

to induce a retrogressive failure event, while in 2014 the slope remained stable, thereby providing 
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a unique opportunity to examine and contrast the pore pressure regimes of one spring event which 

initiated failure and another in which no significant movement occurred.  

The objective of this modelling exercise was to model two pore pressure regimes for two 

geometries during March and April of 2013 and 2014, while holding all material properties 

constant. The results of the hydrogeological models displayed average absolute differences of less 

than ±30 cm to the pore pressure distributions observed from in-situ field measurements at all times 

of interest, indicating that the material properties and boundary conditions applied to the models 

successfully quantified the groundwater regime at Mud Creek. However, these results do not 

represent a unique solution, as other combinations of material properties and assumptions may also 

return an adequate representation of the groundwater regime at Mud Creek. The total head 

distribution was observed to increase by approximately two meters near the slope face between the 

March and April 2013 models. This was indicative of a nearly saturated slope, and reinforced the 

potential for destabilizing seepage at the slope face as hypothesized by Potvin (2013). The increase 

in total head distribution between the March and April 2014 models, was not observed to be as 

significant, as an increase of only one meter was present near the slope face and did not result in a 

saturated slope.  

Snowmelt was observed to be of greater significance than daily rainfall to the overall increase in 

peak seasonal total head distributions. The investigation determined that two rapid instances of 

snowmelt, separated by two weeks or less, resulted in the worst-case scenario for slope stability. 

Of the four years in which peak seasonal total heads were investigated, only 2012 and 2013 were 

observed to display two instances of rapid snowmelt, and in both cases a retrogressive failure event 

occurred. By contrast, only one period of significant snowmelt was observed in both 2014 and 
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2015, and the slope remained stable. The total heads induced from snowmelt resulted in more 

prolonged periods of elevated total heads, which were observed to be more difficult for the slope 

to dissipate. Daily rainfall events however, were observed to produce more immediate fluctuations 

in pore pressures, but these pore pressure increases were dissipated rather quickly after the 

termination of the rainfall event. This relationship thereby highlights the importance of snowmelt 

as a triggering mechanism in both episodic and large-scale retrogressive landslides (Gauthier and 

Hutchinson, 2012).  

A sensitivity analysis performed on the March 2013 hydrogeological model indicated that a 

hydraulic connection must be present between the remoulded material beneath the creek bed and 

the underlying glacial till. Total head levels within the till unit were observed to increase well above 

in-situ values when an intact layer (0.5 m thick) of lower clay was placed below the creek bed. The 

sensitivity analysis highlighted that the depth or shape of the failure surface was of minimal 

importance so long as this hydraulic connection was present. The ky/kx ratio was also observed to 

have a significant effect on the downward gradients within the upper and lower clay deposits, as an 

increase in the ratio would result in stronger downward gradient within the upper clay, producing 

a larger amount of drawdown. Other material parameters such as remoulded clay conductivity and 

till conductivity were not observed to be significant factors in the variation of total head 

distributions.  

The geotechnical assessment and hydrogeological modelling program presented in this thesis have 

provided further insight into the unique retrogressive behavior of the Champlain Sea clay deposit 

at Mud Creek. The combination of material strength parameters and the accuracy of the 
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hydrogeological models will allow for future slope stability analyses to be conducted on the 2013 

retrogressive failure event.   
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