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Abstract
The Saint Lawrence Lowlands in eastern Canada contain extensive deposits of marine
soils deposited in post-glacial seas during and following the retreat of the most recent
continental glacier. These marine soils include silt and clay deposits known collectively
as Champlain clay. When the pore fluid in these marine deposits has changed over time
to a lower salinity, the clay can become very sensitive, or demonstrate substantial
strength loss after reaching the peak strength with sufficient strain under undrained load
conditions.
Sensitive clay soils are subject to a peculiar type of very large landslide that typically
involves great extents of nearly horizontal ground, usually occurring suddenly and
without warning. These landslides tend to be described as “retrogressive” in the
literature and practice, implying that they develop as a series of successive small failures
that advance rearward until a final stable position is reached.
The work of this thesis is organized into four different themes, with an overall objective of
understanding the hazard and risk associated with large landslides in sensitive clay to
linear infrastructure such as railways. The first theme, documented in Chapter 2,
develops a number of spatial relationships between specific physiographic and geologic
features and landslide occurrence or absence, as determined through air photo analysis
and a review of the literature. The second theme, documented in Chapter 3, presents
the construction of a digital database of large landslides in sensitive clay in eastern
Canada, for the purposes of studying landslide susceptibility, hazard and risk. The third
theme, documented in Chapters 4 and 5, presents and defends a novel mechanical
model for development of these large landslides. This model suggests the landslides
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develop progressively, rather than retrogressively, and the science of fracture mechanics
is employed to substantiate the model. The fourth theme, documented in Chapters 6
and 7, synthesizes the findings of the earlier themes and presents a methodology for
estimating landslide susceptibility in Champlain clay. That approach is then extended to
develop an understanding of the hazard. The concluding chapter extends that work to
present an initial appreciation of landslide risk to railways.
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Chapter 1
Introduction
1.1 INTRODUCTION
1.1.1 General
The primary focus of this research has been to explore the hazard and risk associated
with large landslides in sensitive clay in eastern Canada. The work presented in this
thesis is developed first in a general way, broadly applicable to a wide variety of
potentially affected receptors, and its potential application is then illustrated for linear
infrastructure, using railways as a working example.
The clay plains of the Saint Lawrence Lowlands are subject to frequent landslide activity.
Most landslides are small, rotational slides, involving a few hundreds or thousands of
cubic metres of soil. Some landslides, however, are much larger and more dramatic
retrogressive flow slides, often affecting many hectares of land, and sometimes involving
millions of cubic metres of soil. Figure 1-1 shows the approximate spatial distribution of
large landslides in Québec, eastern Canada, from Chagnon (1968). Figure 1-2 presents
a more detailed inventory of known landslides in the Ottawa area of eastern Ontario, redrawn from Fransham and Gadd (1977).
This work examines landslide hazards, and their impact on linear infrastructure, in
sensitive Champlain clay in eastern Ontario and southern Quebec. The overall objective
is to advance the understanding of this specific hazard and the associated risk to linear
infrastructure to enable the formulation of rational plans for managing risk. While the
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work has been undertaken with linear infrastructure in mind, most of its findings are
broadly applicable to risk to other receptors, including human residents, as well as other
forms of built infrastructure.

Figure 1-1. Distribution of large landslides in sensitive clay in Quebec (redrawn from
Chagnon, 1968).
The research was completed within four broad Themes, each of which has developed
novel contributions to the state of the art. The four Themes include: interpretation of
geospatial patterns; landslide inventory and classification; mechanical modeling; and,
hazard mapping. Figure 1-3 illustrates the conceptual linkages between these four
themes within an overall framework of risk assessment and management.
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Figure 1-2. Distribution of large landslides in sensitive clay in the Ottawa area (redrawn
from Fransham and Gadd, 1977).

Figure 1-3. Conceptual framework for the doctoral research.
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1.1.2 Goals and Objectives
The objective of this thesis is to explore hazard and risk to linear infrastructure
associated with large landslides in sensitive clay in eastern Canada. This will be
accomplished by developing a detailed understanding of spatial relationships between
terrain features and landslide distribution, by exploring the mechanics of large
landslides, by developing a methodology for mapping landslide susceptibility, and by
synthesizing those findings toward an understanding of hazard and risk.
1.1.3 Physiography and Geology
The study area lies within the limits of marine invasion of the Champlain Sea, as outlined
in Figure 1-4. It consists of generally low lying lands confined between bedrock
highlands to the north and south, and divided by the Saint Lawrence and Ottawa Rivers.
These plains have been modified extensively by erosion, and slope very gradually
toward the major rivers.
The study area is underlain predominantly by sedimentary rocks of the Saint Lawrence
Platform and the Appalachian Orogen. Metamorphic rocks of the Grenville Province rise
above the plains to the north. Refer to Figure 1-4 and Figure 1-5 for details.
Surficial materials were deposited over rock during and subsequent to the advance, readvance and ultimate withdrawal of the Wisconsin ice sheet. The most significant
deposition, that exerted the greatest influence on the character of the landscape, was
sedimentation in the marine environment of the Champlain Sea, which existed from
about 12,000 to 9,500 years before present (YBP) (Parent and Occhietti, 1988).
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Figure 1-4. Bedrock provinces in and near the study area.

Figure 1-5. Bedrock type in and near the study area.
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The Champlain Sea received sediment inputs from surface runoff from the north and
south, with perhaps the most significant contribution coming from glacial meltwaters,
which tended to carry rock flour, so that the marine clays have a relatively low proportion
of true clay minerals (Quigley, 1980).
Fine grained sediments were deposited in the deep water of the Champlain Sea,
resulting in significant thicknesses of silt and clay throughout the subject area. These
fine sediments can be relatively homogeneous where they were well removed from
surface inputs, or interlayered with coarser sediments (i.e. fine sand, or sandy silt) when
deposited closer to the sediment sources. Substantial deposits of sand, typically deltaic
sediments, may be found overlying the finer sediments in many areas of the Champlain
Sea. This relatively continuous deposit of silt and clay is also disrupted in places by the
Drummondville and Saint Narcisse Moraines, where coarser sediments were deposited
along the ice front when the ice sheet paused or re-advanced. Figure 1-6 illustrates the
distribution of surficial materials throughout the study area mapped at 1:1,000,000.
Figure 1-7 shows more detailed surficial geology for a selected area – Trois Rivières –
mapped at 1:50,000.
Isostatic rebound has occurred since the final retreat of the continental ice. Raised
beaches with marine sediment are observed at elevations of close to 200 m above sea
level in some areas (Gadd, 1957). The Champlain Sea eventually drained, leaving
relatively flat clay plains. Surface runoff has, over time, established an extensive system
of rivers and streams that drain toward the Ottawa and Saint Lawrence Rivers, and
eventually to the Atlantic Ocean.
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Figure 1-6. Surficial geology in and near the study area.

Figure 1-7. Surficial geology in the Trois Rivières area of southern Québec.
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The Ottawa and Saint Lawrence Rivers served as an outlet for glacial lakes Agassiz and
Ojibway for some time subsequent to the Champlain Sea period, thus carrying a much
more substantial flow volume than at present, and eroding significant channels which are
presently dry, particularly in the Ottawa area, and forming deltaic deposits in the western
end of the study area.
The crustal uplift and influx of fresh water changed the subsurface drainage regime, and
encouraged leaching of saline pore water, resulting in fresher pore water. The fine
grained marine sediments were deposited with a high water content, and loose,
cemented, open-flocculated structure (Quigley, 1980). Transition of the pore fluid from
saline to fresher water altered the pore chemistry and affected inter-particle bonds,
resulting in a material that has high strength when undisturbed, but much lower strength
when remoulded. This characteristic - where significant strength is lost on remoulding is termed “sensitivity,” and is the fundamental aspect responsible for the development of
spectacular large landslides in eastern Canada.
1.1.4 Terminology
A number of key terms used throughout the thesis are defined as follows:
Champlain clay – this term is used to denote fine grained marine sediments deposited in
the former Champlain Sea which existed in the study area between 12,000 to 9,500
years before present during the retreat of the last glaciers. Champlain clay is often
referred to as Leda clay, and varies in texture from clay to clayey silt. It may be massive
or interbedded with coarser sediments such as silt or sand.
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Hazard – this is the probability that a particular danger (threat) occurs within a given
period of time (Fell et. al. 2005). For present purposes, hazard represents the
probability of a large landslide occurring in sensitive clay and affecting linear
infrastructure in eastern Canada.
Risk – this is defined as a measure of the probability and severity of an adverse effect to
life, health, property or the environment. Quantitatively, risk is equal to the hazard
multiplied by the potential cost of the loss, and can also be expressed as the probability
of an event’s occurrence times the consequence of its occurrence (Fell et. al. 2005). In
the present context, risk is the potential value of damaged linear infrastructure, as
determined by the probability of a landslide destroying a section of linear infrastructure
times the value of destroyed or damaged infrastructure. The value of destroyed or
damaged infrastructure may be evaluated on the basis of capital replacement cost, and
may also consider the value of lost revenue associated with service disruptions.
Sensitive – sensitive soils are fine grained soils (silt or clay) with elevated sensitivity
(defined below).
Sensitivity – this is the ratio of undrained shear strength of an undisturbed clay sample to
that of a remoulded sample. Undrained shear strength may be measured in a number of
ways, including unconfined compression, field vane shear, and Swedish fall cone tests.
Additional key terms are defined in Appendix A.
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1.2 RESEARCH PLANS
1.2.1 General
This section provides a general overview of the work that was undertaken to complete
the doctoral research. It begins with a general overview of tools and methods applied
throughout the work. Subsequently, a more detailed discussion of the work undertaken
is provided for each primary Theme.
1.2.2 Overview of Research Tools and Methods
The research involved numerous meetings, as well as attendance at conferences, as
follows:
•

Annual meetings with the Railway Ground Hazards Research Program technical
committee members. This involved the preparation of posters in December
2006, 2007 and 2008;

•

Meetings with the Geological Survey of Canada (Jan Aylsworth, Didier Perret,
Réjean Couture) to discuss the work;

•

A meeting with the natural hazards group in the Québec Ministère des
Transports led by Denis Demers to discuss the proposed work;

•

Meetings with numerous people at the Norwegian Geotechnical Institute in Oslo,
Norway, to seek input into the analytical components of Theme 3;

•

Meetings with students and faculty at the Norwegian Technical University
(NTNU) in Trondheim, Norway, to discuss the proposed work and exchange
ideas;
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•

A meeting with Stig Bernander, private consultant and former chief engineer for
Europe’s largest construction company, at his home in Göteborg, Sweden, to
discuss his extensive writing on the subject of progressive failure in sensitive clay
slopes;

•

Field visits to landslide areas and specific landslide sites in Canada, Norway and
Sweden, including: the ancient slides east of Ottawa in the area of Bourget,
Ontario; the 1993 Lemieux slide along the South Nation River in eastern Ontario;
numerous slides in the the Klofta area north of Oslo, Norway, including the
Ullensaker slide; the Bekkelaget slide in Oslo, Norway; the Smarod and Tuve
slides in Sweden; and, the Leistad and Othilienborg slides in Trondheim, Norway;

•

Attendance at the Landslide Risk Assessment and Management school in
Ravello, Salerno, Italy, including presentation of research plans and exchange of
ideas with the other doctoral candidates and numerous distinguished academic
faculty;

•

Visits to a number of large landslides in Europe, including the Randa slide,
Vajont slide, Malpasset dam failure, Goldau slide, and several lesser known
landslides;

•

Presentation of papers at the following conferences:
o

1st North American Landslide Conference in Vail, Colorado, 2007,

o

Canadian Geotechnical Conference, Ottawa, 2007 (two papers), and

o

GeoHazards 2008, Québec City, 2008.
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•

Presentations to fellow students and Queen’s faculty through the
GeoEngineering Centre and GeoColloquium seminar series; and

•

Presentation of the subject matter from Chapter 4 to the Ottawa Geotechnical
Group.

A variety of analytical methods were employed in the execution of this research,
including:
•

Finite element modeling;

•

Analytical modeling using fracture mechanics;

•

Air photo survey and terrain analysis;

•

Geostatistical analysis within a geographic information system;

•

Soil dynamics modeling; and

•

Spreadsheet programming.

The following sub-sections provided a more detailed overview of the specific work done
within each of the four primary themes.
1.2.3 Theme 1: Geospatial Patterns linking Physiographic Features and Landslide
Incidence
1.2.3.1 Hypothesis:
The wide scale potential for landsliding in Champlain Sea sediments can be deduced by
interpreting geomorphological features from desktop study of aerial photographs,
topographic maps and geologic maps.
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1.2.3.2 Objectives:
The primary objective is to interpret and describe some geospatial factors associated
with landslide incidence, as observed in aerial photos, maps, and the literature. This will
enable GIS-based landslide susceptibility mapping (to be completed in Theme 4).
1.2.3.3 Significance:
If landslide occurrence can be correlated to specific geospatial features, then GIS can be
used to model the likelihood of landslide occurrence in other areas with similar features.
If such predictive models can be calibrated against existing landslide inventory data,
then they can be used for mapping the likelihood of future landslide occurrence, as one
key element of describing the existing hazard. This approach has been adopted
successfully by other authors for other hazards (e.g. Dai and Lee 2001, Hennrich and
Crozier 2004), but has not been attempted for landslides in sensitive clay in Canada.
1.2.3.4 Significant Literature:
This theme focuses on understanding the engineering geology relevant to the problem of
large landslides in sensitive clay. A sound understanding of engineering geology is
necessary prior to understanding the local context in relation to any individual landslide,
or the potential for future landslides.
Terzaghi and Peck (1948) described dam failures due to inadequate geological review
that should have revealed the likelihood of buried valleys that remained undiscovered by
drilling, and that led to eventual piping failure. Fookes, in the first Glossop Lecture
(1997), emphasized the importance of building an appropriate geological model prior to
design. Morgenstern (2000) included the geological model as one of three corners of
the “geotechnical triangle” he used to conceptualize the geotechnical method.
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Hutchinson (2001), in his Glossop Lecture, emphasized the importance of reading the
ground in geotechnical engineering. Bjerrum (1967) advanced the understanding of
mechanical behaviour of sensitive clays in his Rankine Lecture, writing from a
perspective of engineering geology.
Lebuis at al. (1983) presented an early methodology for landslide hazard mapping for
sensitive clays in Quebec, in part based on geotechnical considerations of strength and
porewater pressures, but more significantly based on geomorphic, geologic and
atmospheric conditions (e.g. conditions leading to variations in river flow and
groundwater infiltration causing erosion, groundwater fluctuations or rapid drawdown
conditions). Dai and Lee (2001) used GIS to compile, synthesize and analyze,
geospatially, topographic and geologic features to obtain practical landslide hazard
maps for Lantau Island, Hong Kong.
Fransham and Gadd (1977) discussed geological controls of landslides in the Ottawa
valley. Additionally, Rankka et al. (2004) provided a detailed overview of the deposition,
post-deposition transformation and mechanical behaviour of Swedish sensitive clays,
which are similar to the sensitive clays of eastern Canada. Some of the geological
factors affecting the development of sensitive clays and subsequent triggering of
landslides include:
•

Deposition in a marine environment (Quigley 1980) and leaching of saline pore
fluid (Bjerrum 1954 and 1955);
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•

Thickness of clay sediment, presence of underlying coarse-grained material, and
presence of high permeability layers within the clay deposit (Rankka et al. 2004,
Mitchell and Klugman 1979);

•

Bedrock lithology, permeability and topography (La Rochelle et al. 1970,
Aylsworth and Lawrence 2003);

•

Size and topography of catchment areas (Rankka et al. 2004);

•

Groundwater gradient (Fransham and Gadd 1977, Fellenius 1955, La Rochelle et
al. 1970, Lefebvre 1996);

•

Presence of organic soils (Rankka et al. 2004, Quigley 1980);

•

Height above present sea level (Rankka et al. 2004); and

•

Mineralogy (Bjerrum 1954, Quigley 1980).

Many of these factors tend to affect both the sensitivity of the clay and the likelihood of a
landslide triggering event, particularly those factors associated with groundwater flow
and the potential for erosion. These various factors were considered during the review
of aerial photos in Theme 2.
1.2.3.5 Key Outputs of the Work:
The findings of this Theme were presented at the 1st North American Landslides
Conference in Vail, Colorado (Quinn et al. 2007b), and are presented in greater detail in
Chapter 2.
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1.2.4 Theme 2: Landslide Inventory
1.2.4.1 Hypothesis:
A detailed digital inventory of existing large landslides (i.e. landslides that can be
resolved from available aerial photos) that considers spatial distribution, size, shape, and
age (where available) would aid in GIS-based geospatial interpretation and predictive
landslide susceptibility mapping.
1.2.4.2 Objectives:
The objective of this work is to develop a comprehensive digital database of large
landslides in Champlain clay to support further geospatial analysis within GIS, leading to
a refined understanding of hazard distribution and of the linkages with other geospatial
themes such as topography, vegetation, land use, and drainage.
1.2.4.3 Significance:
This work represents the first published digital record of shape, size and distribution of
large retrogressive landslides in Champlain clay. The Quebec provincial government
has prepared a digital inventory for landslides in southern Quebec, but this does not
cover the entire study area, and is not available publicly (D. Demers, MTQ, personal
communication, 2007). This inventory is critical for the present research, but would also
be valuable for agencies and owners responsible for managing landslide risk.
1.2.4.4 Significant Literature:
Varnes (1984) presented a methodical basis for landslide hazard mapping, and included
a discussion on the appropriate role of inventory mapping in that process. Some limited
inventory data is available in the literature. Hodgson (1927) presented the earliest
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inventory of historic landslides in Quebec, documenting nine events that occurred
between 1840 and 1925. Fransham and Gadd (1977) presented maps of large
landslides in the Ottawa area, Chagnon (1968) presented a summary landslide inventory
for Quebec, and La Rochelle et al. (1970) provided detailed mapping of selected regions
in Quebec. Unfortunately, none of this inventory data is available digitally for
interpretation in GIS, and no single reference represents a comprehensive inventory for
the whole study area.
Lefebvre et al. (1992) documented the occurrence of numerous small landslides
throughout Quebec associated with the 1988 Saguenay earthquake. A limited amount
of additional temporal data is available in Desjardins (1980), Filion et al. (1991) and
Lebuis et al. (1983). Related work in other landslide-prone regions by Holm et al. (2004)
and Schmidt (2004) presented a basis for understanding variations in landslide
frequency in recent centuries due to fluctuations in climate. Malamud et al. (2004)
described some important characteristics of landslide inventories, and Chau et al. (2004)
presented one example of hazard mapping based on landslide inventories in GIS.
Large landslides in sensitive clay may be classified for this research based on the shape
of the landslide crater as illustrated in Figure 1-8. Type 1 landslides are much wider
than they are long, where width is measured parallel with the drainage course. Typical
examples from the literature include the Rigaud slide of 1978 (Carson, 1979) and the
Saint-Boniface-de-Shawinigan slide of 1996 (Bégin et al. 1996). Type 2 landslides have
similar width and length. The South Nation River slide of 1971 is a typical example
(Eden et al. 1971). Type 3 landslides are longer than they are wide. The Lemieux slide
of 1993 (Evans et al. 1993) is a typical example. Type 4 landslides, with a wide body
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and narrow outlet, are the classical “bottleneck” type, and include the St. Thuribe
flowslide described by Terzaghi and Peck (1948), the Ullensaker slide of 1953 (Bjerrum
1955), and the Saint-Jean-Vianney slide of 1971 (Tavenas et al. 1971).

Figure 1-8. Proposed landslide classification.
The style of movement will be shown subsequently (Chapter 7) to relate to crater shape.
Large landslides with a significant amount of flow (i.e. flow slides) tend to be Type 3 or 4,
and landslides with very little flow (i.e. lateral spreads, or translational “flake” slides) tend
to be Type 1. Type 2 craters can form for any of these styles of movement. It is
generally accepted in Québec that flow slides have a very different mechanism than
lateral spreads (Leroueil, personal communication, 2009) and therefore represent two
different types of landslides. The writer believes that these two types of landslides are
not distinct types, but rather represent different extremes of a continuum of behavior,
with varying degrees of flow and/or spreading behavior. This thesis does not attempt to
prove this suggestion, however, nor is it essential in understanding the model
proposedin Chapters 4 and 5.
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1.2.4.5 Key Outputs of the Work:
The findings of this Theme were presented at the Canadian Geotechnical Conference in
Ottawa (Quinn et al. 2007c) and GeoHazards 2008 (Quinn et al. 2008). Chapter 3
combines the relevant findings from both of those papers.
1.2.5 Theme 3: Mechanisms of Large Landslides in Sensitive Clay
1.2.5.1 Hypotheses:
A better understanding of the mechanics of landslides in Canadian sensitive clays will
lead to a better understanding of the nature of the hazard, thus supporting better risk
management plans. The following specific ideas have evolved from the literature review:
•

sensitivity and undisturbed peak shear strength do not determine the likelihood of
large landslides in sensitive clays; rather, the remoulded shear strength and
remoulding energy (i.e. energy required to remould the clay to its weakest
remoulded form) are the determining factors;

•

landslides in sensitive clay often develop progressively, due to the brittle
behaviour of sensitive clays in shear; and

•

retrogressive landslides in sensitive clay are not actually retrogressive, contrary
to conventional thought; the entire slide surface develops before any movement
begins, and the apparent retrogression is the development of lateral spreading
and subsidence of the monolithic slide mass over a developing liquefied zone.
The final location of the headscarp is predetermined before the apparent
retrogression begins.
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If this hypothetical model for landslide development is correct, then one could look for
evidence of a propagating weak zone in landslide-prone areas as one way of estimating
the present hazard and managing risk.
1.2.5.2 Objectives:
The objective is to confirm the validity of a new model for the mechanics of large
landslides in sensitive clay.
1.2.5.3 Significance:
The outcome of the work is significant because it explains many aspects of observed
behavior that are not all fully explained by more widely accepted mechanical models. If
the proposed mechanical model for development of large landslides in sensitive clay is
correct, then the potential for future landslides may depend on factors not presently
considered in practice. Notably, the presence and length of an existing weak zone
would have a significant influence on the potential for large landslides. Further, the
brittleness of the sensitive clay would also have a substantial effect. Neither brittleness
nor length of weak zone is presently considered in estimating landslide risk, and yet
these may be the only significant determining factors for large landslides in sensitive
clay.
1.2.5.4 Significant Literature:
A number of key references include:
1.2.5.4.1 Mechanical Behaviour of Sensitive Clay:
The following selected references have provided most of the basis for understanding the
mechanical behaviour of sensitive clay: Adachi et al. (1995), Bjerrum (1954 and 1955),
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Callander and Smalley (1984), Lefebvre and Leboeuf (1987), Lefebvre et al. (1989),
Lefebvre (1996), Leroueil (1988), Lo and Morin (1972), Quigley (1980), Saihi et al.
(2002), Tavenas et al. (1982), and Vaid and Campanella (1977).
1.2.5.4.2 Landslide Case Studies and Mechanics:
A large number of landslide case studies have been reviewed, and a representative
cross-section includes: Bégin et al. (1996), Carson (1977 and 1979), Conlon (1966),
Demers et al. (1999), Donovan (1977), Eden (1977), Eide and Bjerrum (1955), Evans
and Brooks (1994), Fellenius, (1955), Lafleur et al. (1988), Lefebvre and La Rochelle
(1974), Lefebvre (1981 and 1986), Leroueil (2001), Mitchell (1977), Mitchell and Eden
(1972), Mitchell and Klugman (1979), Mitchell and Markell (1974), Mollard and Hughes
(1973), Odenstad (1951) and Tavenas et al. (1971).
1.2.5.4.3 Progressive Failure:
Some literature exploring progressive failure in brittle soil includes: Andresen and
Jostad (2004), Bernander (2000), Jostad and Andresen (2004), Jostad et al. (2006), Li
and Lam (2001), Skempton (1964 and 1985), and Tiande et al. (1999).
1.2.5.4.4 Fracture Mechanics and Brittle Failure:
The science of fracture mechanics was used as the primary basis for understanding the
development of large landslides in sensitive clay in Theme 3. Key references include:
Anderson (1994), Schweizer (1999), Bader and Salm (1990), Astrom and Timonen
(2001), McClung (1987), Bâzant et al. (2003), Weibull (1963), Palmer and Rice (1973),
and Rice (1968).

21

1.2.5.5 Key Outputs of the Work:
The work of this theme has been presented in Chapters 4 and 5. Chapter 4 was
submitted to the Canadian Geotechnical Journal in November, 2008, and is under
review (Quinn et al. 2009a). Chapter 5 will be submitted to the Canadian Geotechnical
Journal in 2009. An early version of the mechanical model, along with supporting
evidence from the literature, was presented at the Canadian Geotechnical Conference in
Ottawa (Quinn et al. 2007a).
1.2.6 Theme 4: Geospatial Analysis and Hazard Mapping
1.2.6.1 Hypothesis:
The understanding of landslide hazard developed through Themes 1 to 3 can be
integrated and analyzed within GIS to develop landslide susceptibility and hazard maps
at varying scales and resolutions.
1.2.6.2 Objectives:
The objective of this work is to develop methodologies for mapping landslide
susceptibility and hazard for large landslides in Champlain clay.
1.2.6.3 Significance:
GIS-based susceptibility and hazard mapping is an essential element of effective risk
assessment and management, and would be of fundamental importance to managers of
critical linear infrastructure, as well as to community planners. This work includes the
development of reasonable combinations and weighting of input parameters to predict
future landslide distribution for sensitive clays.
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1.2.6.4 Significant Literature:
Varnes (1984) provided a comprehensive methodological basis for mapping landslide
hazards. Lebuis et al. (1983) presented a comprehensive early approach to mapping
landslide hazards in Champlain clay. Fell et al. (2005) presented a framework for
landslide risk assessment which included consideration of hazard mapping, and Evans
et al. (2005) presented some current developments in the state of the art. Hungr et al.
(1999) presented a landslide hazard analysis considering the magnitude and frequency
of rock falls and rock slides along a transportation corridor.
Dai and Lee (2001) discussed different approaches to GIS-based hazard mapping,
including inventory-based, heuristic, statistical and deterministic. Bichler et al. (2000)
examined the role of hazard mapping in a wider suite of possible spatial landslide hazard
mapping methods, which include: distribution, density, activity, geomorphic, subjective
rating, predictive movement, stability calculation, relative variant, and probabilistic
methods. Numerous case studies of GIS-based hazard mapping have been
documented in the literature, including Cheung and Tang (2005), Hennrich and Crozier
(2004), Lan et al. (2005), Lee et al. (1999), Li et al. (2004), Sakellariou and Ferentinou
(2001), Vanacker et al. (2003), Van Beek and Van Asch (2004), Xie et al. (2003) and
Zhou et al. (2003).
Fell et al. (2005) presented a current state of the art framework for landslide risk
assessment and management, and Evans et al. (2005) described recent developments
in the subject area. Hungr and Hazzard (1999) presented a detailed example of
quantitative risk assessment for rock fall and rock slide hazards along a transportation
corridor in British Columbia. Similarly, Guzzetti et al. (2004) presented an approach to
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understanding and managing risk of rock fall hazards along a transportation corridor in
Italy. Guzzetti et al. (2005) presented an assessment of risk due to landslides and
floods to the population of Italy. These references represent useful models to guide
elements of this part of the work in Theme 4.
1.2.6.5 Key Outputs of the Work:
A portion of the work of this Theme was presented at GeoHazards 2008, Québec City
(Quinn et al. 2008). The landslide susceptibility mapping methodology described in
Chapter 6 was submitted to the Canadian Geotechnical Journal in November, 2008, and
is under review. The landslide hazard and risk data presented in Chapter 7 will be
submitted to the Canadian Geotechnical Journal in 2009.

1.3 ORGANIZATION OF THE THESIS
This thesis is organized along the lines of the overall conceptual framework for the
research presented in Figure 1-3, as follows:
•

Theme 1: Chapter 2;

•

Theme 2: Chapter 3;

•

Theme 3: Chapters 4 and 5;

•

Theme 4: Chapters 6 and 7;

The concluding chapter presents some insight into how the research findings might be
extended and applied to risk assessment and management for linear infrastructure
affected by large landslides in sensitive clay.
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Chapter 2
Literature Review and Air Photo Survey: Physiography and
Engineering Geology of the Saint Lawrence Lowlands in
Relation to Landslides in Sensitive Clay
Selected parts of this Chapter have been published in:
Quinn, P.E., Hutchinson, D.J., and Rowe, R.K. 2007c. Toward a risk management
framework: sensitive clay landslide hazards affecting linear infrastructure in
eastern Canada. Proceedings of the 1st North American Landslide Conference,
Vail, Colorado, 102-114.

2.1 INTRODUCTION
2.1.1 General
This chapter presents a discussion of the physiography and engineering geology of the
Saint Lawrence Lowlands of eastern Canada, examining how these factors relate to the
occurrence or absence of landslides in sensitive clay. This discussion establishes a
basis for examination of aspects of landslide susceptibility and hazard, which depend to
a large degree on physiographic and geological factors. This subsequent, more
detailed, examination is presented in Chapters 6 and 7, which rely on the findings of the
present Chapter for initial design of their analysis.
The findings of this study will be used to support further geospatial interpretation via
geographical information systems (GIS) or other tools, as one element of effective
assessment and management of landslide hazards in sensitive clays potentially affecting
people and infrastructure in southern Québec and eastern Ontario.
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2.1.2 Project Study Area
The study area is defined by the extent of marine invasion by the Champlain, Laflamme
and Goldthwaite Seas during the withdrawal of the Wisconsin ice sheet. Salt water
occupied much of the Saint Lawrence Lowlands in post-glacial seas from approximately
12,000 to 9,500 years before present (YBP). The Champlain Sea occupied the Ottawa
and Saint Lawrence River valleys, extending west close to the east end of Lake Ontario,
and extending south to Lake Champlain in the United States. The Laflamme Sea
covered the area presently occupied by the Saguenay Fiord and Lac Saint Jean. The
Goldthwaite Sea occupied the area of the Gulf of Saint Lawrence (Quilliam and Allard
1989).
The approximate limits of marine invasion are outlined approximately in Figure 2-1.
These limits have been estimated from land use patterns in available satellite imagery,
and may diverge from the actual boundary by a few kilometres in some areas. The
boundary is relatively easy to distinguish north of the Saint Lawrence River, where there
is a sharp contrast between the gentle terrain of the marine sediments and the rugged
terrain of Precambrian bedrock. The boundary is less distinct south of the Saint
Lawrence River, where the clay plains transition more gradually into the adjacent
sedimentary uplands of the Appalachian Orogen.
The shape of the landscape and associated landslide activity are largely governed by
recent geological events, following the retreat of the Wisconsin ice sheet, which occurred
roughly 10-12,000 years before present (YBP).
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Figure 2-1. Project study area.
2.1.3 Purpose
The purpose of this Chapter is to provide an overview of physiographic and geologic
factors that have an influence on the tendency for large landslides to occur in the
Champlain clay deposits of eastern Canada. The trends and geospatial relationships
observed in this Chapter are used to aid in the design of the landslide susceptibility
mapping methodology that is presented in Chapter 6. Some of the interpretations in the
present Chapter also provide context for the analysis of hazard and risk presented in
Chapter 7.
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2.1.4 Organization
This Chapter contains two major sections with compilations of existing information. The
first of these provides a detailed description of geological and physiographic conditions
across the study area, and discusses potential causative linkages with the presence or
absence of large landslides. The second of the major sections provides a summary of
terrain analysis by air photo interpretation, linking visual observations with the presence
or absence of large landslides. The observations from these two compilations of
available information are then discussed together to develop a list of factors influencing
the development of sensitive clay and the triggering of large landslides, and a set of key
conclusions are drawn from this discussion. The Chapter therefore contains the
following sections:
•

Introduction;

•

Background review of factors influencing the development of sensitive clay and
the triggering of landslides in sensitive clay;

•

Overview of geological and physiographic conditions in the study area. This is
the first major compilation of available information presented in the Chapter;

•

Overview of terrain analysis by air photo survey. This is the second major
compilation of available information presented in the Chapter;

•

General observations and discussion; and

•

Conclusions.
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2.2 BACKGROUND: FACTORS INFLUENCING THE DEVELOPMENT OF
SENSITIVE CLAY AND TRIGGERING OF LANDSLIDES IN SENSITIVE CLAY
DEPOSITS
The initiation and spatial distribution of landslides in sensitive clay are known to be
associated with specific geological and physiographic conditions. Some of the major
factors that correlate with landslide occurrence include the following, which are derived
from Rankka et al. (2004), except where otherwise noted.
Deposition in a marine environment: Some freshwater lacustrine clays are sensitive, but
the development of very sensitive (or “quick”) clays is generally limited to sediments
deposited in a saline or brackish environment (Quigley 1980). Deposition in a saline
environment produces a meta-stable open flocculated structure typical of most sensitive
clays. This structure is responsible for the brittle behavior of these materials under rapid
loading, and this brittleness is a key characteristic leading to landslides in sensitive
clays, and in particular to large, retrogressive landslides. This factor is very significant
for the development of sensitive clay.
Leaching of Salt: Marine clays are deposited in salt water, and thus have a saline pore
fluid. The subsequent leaching of the pore fluid with soft fresh water reduces the
salinity, which reduces the liquid limit, activity (ratio of plasticity index to clay content)
and both the undisturbed and remoulded shear strength (Bjerrum 1954 and 1955).
Remoulded shear strength is reduced more, proportionally, than undisturbed shear
strength, thus resulting in increased sensitivity, which is the ratio of undisturbed to
remoulded shear strength. Leaching by hard water (i.e. with greater proportion of multivalent cations such as calcium and magnesium rather than monovalent cations like
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sodium and potassium) does not result in as great an increase in sensitivity, therefore
groundwater chemistry is important in determining the rate and amount of increase in
sensitivity over time. This factor is very significant for the development of sensitive soil,
as sediments with elevated salt content in the pore fluid do not tend to be very sensitive
(Bjerrum 1954).
Artesian groundwater: The leaching of saline pore fluid is associated with three primary
processes: percolation of rainwater, diffusion from high concentrations to low
concentrations, and groundwater flow due to upward gradients. The rate of leaching is
strongly affected by the hydraulic gradient. The risk of high artesian pressures (and
associated leaching) is greatest where there are thick waterbearing layers below the
clay, where the bedrock is sloping and rainwater is directed into the clay from below, and
where the bedrock has fracture zones. Downward gradients can influence leaching
similarly if surface drainage is poor or if the clay is overlain by water-bearing soils
(Fransham and Gadd 1977). In addition to affecting the rate of leaching, upward
gradients also have a destabilizing effect at the toe of slopes, as noted by Fellenius
(1955) and La Rochelle et al. (1970).
High permeability layers within the clay deposit: Intercalated sands or silts within the
clay deposit can result in more leaching and therefore more common occurrence of
sensitive soils. Note also that the presence of intercalated sand also presents greater
opportunity for landslide triggering due to fluctuations in pore pressures (Mitchell and
Klugman 1979).
Thickness of clay sediment: Leaching takes longer in thick massive clay deposits,
therefore the presence of sensitive clay is more likely in thinner massive deposits or in
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layered deposits containing water-conducting layers. This factor is significant in
determining the rate of development of elevated sensitivity.
Limestone bedrock: Limestone deposits tend to have hard groundwater which does not
generate sensitive clay as quickly as soft groundwater, so sensitive clays tend not to be
as strongly associated with limestone bedrock. Exceptions occur where there are other
(i.e. surface) sources of fresh water, such as streams. This factor can be significant in
determining the rate of development of elevated sensitivity.
Underlying coarse-grained material: The availability of fresh water in large amounts
from below the clay can result in higher sensitivity. This may come from fractured
bedrock or from water-bearing sand and gravel. Thicker deposits of ice-marginal till and
other coarse-grained soils may be associated with periods of slowing glacial retreat,
therefore sensitive clays may be more common in areas where the glaciers paused.
This factor can be significant in determining the rate of development of elevated
sensitivity.
Bedrock topology: Fractures in the bedrock may result in higher groundwater discharge
into the clay, and therefore greater leaching. Similarly, local bedrock highs may redirect
groundwater flow upward, also increasing leaching. Canadian researchers (La Rochelle
et al. 1970) have shown a correlation in Quebec between landslide incidence and the
presence of buried bedrock valleys. In the Ottawa area, the incidence of ancient
landslides along paleo-channels of the Ottawa River, which are believed to have been
triggered by ancient earthquakes, is negatively correlated with bedrock depth (Aylsworth
and Lawrence 2004). Depth to and shape of the bedrock surface are therefore
important factors; however, the relationships are complex, and appear to be different for
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earthquake-triggered landslides than for most other landslides in Champlain clay, which
tend to be most commonly triggered by erosion (Lebuis, et al. 1983). This factor is very
significant both in relation to the tendency for fine marine sediments to become
sensitive, and also for the potential for triggering of a landslide, due to elevated pore
pressure gradients near the toe of river banks.
Catchment areas: The rate of leaching depends on the amount of annual rainfall (and
evapotranspiration), size of the catchment area and efficiency of the surface drainage
system. Larger catchment areas should result in more widespread development of
sensitive soils.
Three dimensional effects: Areas surrounded by bare hills in more than one direction
have greater opportunities for infiltration and leaching, and therefore a greater chance of
developing sensitive soils.
Stage of River Development: The stage of development of a stream or river valley can
affect the likelihood of upward gradients at the toe (Lefebvre 1996). Horizontal flow is
more likely in young valleys where underlying bedrock is not hydraulically connected to
the river. Downward gradients are more likely in old valleys where the river channel has
eroded close to bedrock. Upward gradients may be expected in valleys of intermediate
age, where there is a hydraulic connection between bedrock and the river, but the river
bed is above the level of the bedrock. Landslides in sensitive clay are more likely to
occur under these latter conditions.
Height above present sea level: The time since deposition, time above water, and
therefore time available for erosion (i.e. incision of river banks), leaching and
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transformation (i.e. increase in sensitivity) increases with increasing height above sea
level. It therefore follows that there could be a positive correlation between ground
elevation and landslide occurrence in some areas.
Organic soils: The composition of iron in porewater may change due to contact with
peat or other humic-rich soils, leading to chemical changes and formation of sensitive
clay.
Temporal factors: Elevated groundwater during abnormally wet years has been
identified as a significant trigger for landslides in the Ottawa area (Mitchell and Klugman
1979) along with toe erosion which may also be expected to occur during or after
extended periods of heavy rain or snowmelt. Landslides in Québec tend to be most
common in the spring and fall, coinciding with the annual snowmelt and fall wet period.
Analysis by Lebuis et al. (1983) suggests that the primary causative factor coinciding
with these wet periods is higher streamflow and the associated increase in bank erosion.
Mineralogy: Sensitive clays tend to have a relatively low proportion of true clay minerals
in the clay size fraction (i.e. the proportion smaller than 2 microns), and the clay minerals
tend to be inactive minerals such as illite (Bjerrum, 1954 and Quigley 1980). Champlain
Sea clays tend to have a relatively high proportion of rock flour (e.g. feldspar and quartz)
and high silt content (Bentley and Smalley 1979, and Karrow 1965). In Norway,
sensitive clay tends to have a higher content of true clay minerals (typically illite, like the
Champlain Sea clays) in the south, with clay mineral content diminishing toward the
north (Bjerrum 1954). Furthermore, less active clays tend to be more sensitive (Bjerrum
1954). Spatial variations in mineralogy of the finer soils may therefore result in varying
sensitivity. Similar variations in mineralogy and clay mineral content may also be
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expected in Canadian sensitive clay deposits, and if they do occur, this may explain
some of the spatial variability in observed sensitivity.
The relationships between geology, physiography and landslide occurrence are
complex. It is not always obvious whether specific correlations reflect causal
relationships or rather coincidental ones. The following sections will demonstrate that
the spatial distribution of these various factors differ throughout the study area. One
would therefore expect different spatial and temporal patterns of landslide distribution
across the study area, reflecting variations in the character of the landscape.

2.3 GEOLOGICAL AND PHYSIOGRAPHIC CONDITIONS IN THE STUDY
AREA
2.3.1 General Geological Setting
The depression that formed the Champlain Sea is generally confined within two rift
valleys: the Saint Lawrence graben, and the Ottawa-Bonnechere graben. These rifts are
thought to be the extension of perpendicular sets of transform faults that extend from
under the Atlantic Ocean (Girard and Laubenfels 1987), and developed during the
separation of Africa and North America during the Late Triassic-Early Jurassic (228 to
176 million YBP). Historical earthquakes tend to occur along the trend lines associated
with these faults, and these events are more common at the points of intersection
(Girard and Leubenfels 1987), which explains elevated seismicity east of Ottawa,
Ontario and in the Charlevoix, Québec area. The rift associated with the Ottawa graben
can be interpreted below the Appalachian foldbelt to the southeast by the Monteregian
intrusions, which are localized along graben faults (Kumarapeli 1981). The modern
stress field is a compressive field with a general east-west orientation (Girard and
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Leubenfels 1987), which is suitably aligned for shear displacement along the fault zones
associated with both rifts.
Figure 2-2 provides a simplified view of bedrock geology in the study area (Wheeler et
al. 1997), which is predominantly underlain by sedimentary rocks of the Saint Lawrence
platform and the Appalachian Orogen. The northern part of the study area is underlain
by the metamorphic and igneous Precambrian rocks of the Grenville Province. Figure
2-3 provides a more detailed perspective of bedrock type as it is distributed within these
three bedrock provinces across the study area. The study area is underlain mostly by
sedimentary rocks, with predominantly metamorphic rocks bordering the study area to
the north, west and southwest.

Figure 2-2. Geological provinces (from Wheeler et al. 1997).
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Figure 2-3. Bedrock geology (from Wheeler et al. 1997).
The nature of surficial soil deposits, which have a strong influence on the nature and
distribution of landslides in the study area, is most strongly influenced by events during
and following the most recent glacial episode: the advance and withdrawal of the
Wisconsin ice sheet. However, the soil column includes a record of at least two previous
glacial episodes in some parts of the study area. According to Karrow (1965), a
generalized stratigraphic sequence, oldest to youngest, includes the following:
•

Precambrian rock, then metamorphic rock, then Paleozoic sedimentary rock;

•

Lacustrine deposits followed by Becancour till followed by more lacustrine
deposits;

•

The Saint Pierre interval (a non-glacial interval during which peat and lacustrine
deposits accumulated) circa 60,000 YBP;
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•

Lacustrine deposits followed by Gentilly till followed by lacustrine deposits;

•

Champlain Sea sediments (including the Saint Narcisse moraine deposits from
about 10-11,000 YBP); and

•

Lacustrine deposits, followed by river deposits.

Gadd (1957) describes the later parts of this sequence in some detail. The most recent
pre-Wisconsin ice sheet advanced and retreated more than 40,000 YBP. This ice sheet
deposited a layer of brick red sandy till. Subsequently, a glacial lake formed in the Saint
Lawrence valley, depositing varved clay which is observed from Donnacona to Montreal.
The Wisconsin ice sheet blocked the Saint Lawrence valley again, forming another
glacial lake, resulting in more varved clay, which ranges in thickness up to about 25 m.
The glacier readvanced over this clay, continuing as far as the Appalachian highlands,
laying down a light to dark grey sandy till. As the ice withdrew, the ice dam separating
the Atlantic Ocean from a pro-glacial lake melted, resulting in a sudden influx of brackish
water, thus forming the Champlain Sea. The transition from glacial to marine
environment was very rapid. The ice sheet was in contact with the Champlain Sea for
some time, such that the Champlain Sea was a glacio-marine environment.
The ice sheet paused around 12,500 YBP, resulting in the formation of the
Drummondville Moraine, which trends southwest from near Québec City to close to the
Canada-US border, south of the Saint Lawrence River. The ice sheet readvanced from
further north around 11,000 YBP, resulting in the formation of the Saint Narcisse
Moraine near the northern perimeter of the Champlain Sea. This feature overrides
fossiliferous marine clay in some places.
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The study area has risen due to isostatic rebound following the withdrawal of the
Wisconsin ice sheet. The upper extent of the Champlain Sea to the north is obscured in
some places because the highest beaches most likely had shores of ice rather than bare
ground. Furthermore, the marine fossils that serve as the best indicator of marine
deposition are poorly preserved along the north because of the acid rocks and
associated rapid leaching of carbonates (Karrow 1965). South of the Saint Lawrence,
enough limestone is present to allow preservation of marine fossils. Gadd (1957)
indicates that recognizable marine sediments are observed at all elevations up to about
185 m; however, Chalmers (1901) records raised beaches associated with various
stages of the margin of the Champlain Sea at elevations ranging up to about 300 m in
the Trois-Rivières area. The former shoreline in the south of the study area is at a
generally lower elevation due to less isostatic uplift (Karrow 1965).
The marine sediments can be grouped broadly as Leda clay (deeper water sediments,
called Champlain clay in this Chapter; this is sometimes referred to as “blue” clay, and in
the United States may be called Massena clay) and Saxicava sand (shallower water
sediments) as first named by Sir William Logan in the 1800s (Karrow 1965). The
Champlain clay varies widely in character, with its texture and bedding thickness being
controlled by the distance from the source. The primary sources of marine sediments, in
decreasing order of importance, are streams, shoreline erosion and glacial ice (Karrow
1965). Small numbers of glacial pebbles and boulders are common in the marine clay,
and these suggest that the glacial ice was close during a large part of the Champlain
Sea period (Gadd 1957). The “Leda” clay and Saxicava sand identified by Logan are
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mapped as marine sediments and ice contact sand and gravel or alluvial sediments in
Figure 2-4.

Figure 2-4. Surficial geology (from Natural Resources Canada 1994).
The Saxicava sand deposits are generally beach and delta deposits of fine to medium
sand, with fine to coarse gravel near till outcrops. The sands tend to be about 3 to 6 m
thick, consisting of ground up Precambrian rocks, and very limited amounts of carbonate
minerals. Deltas were formed where streams entered the Champlain Sea, with the size
of the delta depending on the sediment load (i.e. related to the streamflow and character
of the surficial materials within the feeding watershed). The sediments fine downward
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and outward in these delta deposits. With increasing distance from the river mouth,
sand layers thin to partings, and the finer layers change from silt to clay-sized particles,
thickening to a foot or more. The lamination of the marine clays is a curious feature, and
is an indication of the transition from marine to freshwater environment; in some places,
the lamination is simply colour banding with subtle changes in texture, but elsewhere
there are discrete layers of intercalated fine to medium sand (Gadd 1957). The regular,
rhythmic alternation of these distinctive bands resembles varving, and these banded
sediments tend to be associated with major late-glacial drainage channels.
Fransham and Gadd (1977) provide a more detailed view of geological conditions in the
Ottawa area, which comprises the western end of the study area, and which has been
substantially modified by the paleo-Ottawa river, which once drained most of eastern
North America until isostatic rebound terminated the flow through Lake Nipissing and the
French River, re-diverting much of this flow through the Great Lakes and the Saint
Lawrence River (Teller 1988). Fransham and Gadd (1977) have mapped the geology of
the Ottawa Valley into the following units, based on deposition environment:
•

Rock, till and gravel (older than the marine clays);

•

Clay and silt associated with the Champlain Sea:

•

Varved clay,

•

Deep water marine clay,

•

Prodelta clay, and

•

Shoaling prodelta clay and silt;
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•

Sand and gravel overlying the clay; and

•

Organic deposits.

The clay deposits can be subdivided into those with a cap of loose, fine sand, typically
containing perched groundwater, and those with no sand cap, where the clay has
developed a stiff, dessicated crust. The former conditions tend to have no dessicated
crust, and are therefore more problematic than the latter with respect to the potential for
landslides (Fransham and Gadd 1977).
The marine sediments have been extensively eroded by a network of streams and
rivers, resulting in river deposits throughout the study area. Surface run-off is high due
to the very low permeability of the marine sediments; however, the clay is not easily
eroded by run-off, but rather erodes more readily through weathering and dessication,
leading to the cracking and collapse of small blocks, to which frost action may also
contribute (Karrow 1965). The youth of the drainage system and rapidity of its formation
are important geological factors contributing to landslide activity: according to Gadd
(1957), the existing streams are typically in very early stages of development, with steep
gradients, often including sections with rapids and falls, and occasionally with steep
banks up to 60 m high. The landslide trigger mechanism depends on the history of
continuous and relatively rapid uplift and incision of the drainage system into the marine
sediments (Gadd 1957).
River processes are responsible for deposition of alluvial soils, and landslides along
these rivers are also responsible for the development of specific physiographic features.
Flowslides are a major process of valley widening, and they tend to occur where streams
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are actively eroding their banks, such as along the outside curve of a meander (Karrow
1965). Lajoie (1973) suggests that landslides in the Saint Lawrence Lowlands are
responsible for the following:
•

Displacement of watercourses;

•

Excessive width of low clay plains along watercourses;

•

Formation of islands, presqu’îles and semi-circular bays;

•

Formation of a thumbprint morphology within landslide craters along
watercourses;

•

Excavation of large depressions along drainages, some of which are covered by
a thickness of peat;

•

Creation of multiple small pools and swamps;

•

A mixture of bands and pockets of sand in the clay of the low plains; and

•

Where landslide craters exist, the debris tends to be more porous, granular and
aerated than the undisturbed ground, thus preferentially supporting the growth of
plants with deep root systems.

According to observations made by Lajoie (1962), the surface texture within landslide
craters depends on the original thickness of the sand layer above the undisturbed clay.
If the sand is less than 1.5 m thick, the crater will have a clayey surface texture. Where
the sand cap is 1.5 to 5 m thick, there will be a roughly equal balance between sand and
clay at the surface, and, where the sand exceeds 5 m in thickness, the crater surface will
be sandy or gravelly.
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Agricultural land use, which is easily distinguished in satellite imagery, depends on
surface texture. Sandy or gravelly soils are generally left wooded. Silty or clayey soils
are developed for crops, except along steeper slopes, such as riverbanks, which may be
used for pasture (Lajoie, 1962). Landslide craters are poorly drained, and are difficult to
drain by artificial means.
Mineralogy tends to vary across the study area. In general, the dominant minerals in the
bottom sediments are quartz and feldspar (i.e. rock flour), rather than lime carbonate or
true clay minerals (Gadd 1957).

There are slightly higher proportions of clay minerals

in the Ottawa Valley (as compared with the rest of the study area), where the glaciers
moved some distance over Paleozoic rocks rather than the Precambrian rock to the
north. According to Lebuis et al. (1983), amorphous content increases with increasing
content of clay-sized particles. Data tabulated by Lebuis et al. (1983) also shows an
increase in clay minerals from north to south.
Figure 2-4 provides a general overview of the distribution of surficial deposits throughout
the study area (Natural Resources Canada 1994). Outside the study area to the south,
the dominant surficial materials are described as moraine and till (veneer), with isolated
deposits of ice contact sand and gravel. To the north of the study area, till (veneer)
becomes more prominent, with frequent deposits of ice contact sand and gravel along
existing drainage features, and isolated moraine deposits. Around Lac Saint Jean and
the Saguenay Fiord, till (veneer) remains dominant, large areas of exposed bedrock are
abundant, there are isolated deposits of ice contact sand and gravel, and moraine is
absent.
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Surficial soil conditions within the study area are markedly different than outside, as
described above. While soil conditions vary considerably throughout the area, the most
common surficial materials are marine deposits (41 % of land area), moraine (16 %,
mostly associated with the Drummondville Moraine south of the Saint Lawrence River),
post-glacial alluvial terraces (15 %), till (12 %), and ice contact sand and gravel (11 %).
Bog (3 %), lacustrine deposits (1 %), and exposed bedrock (1 %) comprise the
remainder.
2.3.2 Landslides in the Study Area
Figure 2-5 illustrates the distribution of landslides in the study area that are documented
in the literature. Landslide features that can be located spatially have been transcribed
into GIS from the following specific references: Aylsworth and Lawrence (2003), Bégin et
al. (1996), Brzezinski (1971), Carson and Lajoie (1981), Clark (1947), Demers et al.
(1999), Desjardins (1980), Donovan (1978), Eden (1956 and 1957), Ells (1901), Evans
and Brooks (1994), Filion et al. (1991), Fransham and Gadd (1977), Gagnon (1972),
Grondin and Demers (1996), Hugenholtz and Lacelle (2006), Hurtubise et al. (1957),
Karrow (1959 and 1972), Lajoie (1974), La Rochelle et al. (1970), Leroueil and Locat
(1998), Meyerhof (1954), Mitchell and Eden (1972), Mitchell and Klugman (1979),
Mitchell and Markell (1974), Morin (1947), Potvin et al. (2001), Quilliam and Allard
(1989), Richard (1991), Sangrey and Paul (1971), and Wilson and Mackay (1918).
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Figure 2-5. Landslides in the study area as recorded in the literature.
Note that the literature includes point data (i.e. landslide locations shown by points on a
map, or defined by coordinates), polyline data (i.e. the scarp has been traced on a map,
but the full extent of the landslide from head to toe is not outlined) and polygon data (i.e.
the full footprint is drawn on a map). Additional landslide features have been traced
from selected aerial photographs (see list at end of References section) in a few small
areas. Figure 2-6 compares available landslide data from the literature with landslide
features observed on aerial photographs southeast of Lac Saint Jean, near the town of
Desbiens, from Lajoie (1974) and La Rochelle et al. (1970). This provides some insight
into the degree of completeness of landslide records in the literature. The records from
the literature (shown in red) provide a reasonable representation of actual landslide
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distribution, but considerable detail is lacking, notably shape and size of landslides
represented only as points. Further, many features are missed completely.

Figure 2-6. Landslides in the literature (La Rochelle et al. 1970 and Lajoie 1974) versus
features evident in air photos – Desbiens area.
The available landslide data for the whole study area show a high density of landslide
features around the Ottawa area, as well as large numbers of landslides around Lac
Saint Pierre and Lac Saint Jean. Landslides appear to be more common north of the
Saint Lawrence River, in the northern part of the study area. Note, however, that
landslide data from the literature should not be taken as comprehensive, or necessarily
even representative of average conditions. References in the literature most often
describe specific locations representing only a small portion of the whole study area. It
is possible that there are other areas with large numbers of landslides that are not
shown in Figure 2-5.
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Records in the literature contain some information about dates (or estimated ages) of
landslide occurrence, which provides some insight into return periods for landslides of
different magnitudes. Figure 2-7 shows the distribution of landslide features with known
or estimated ages (i.e. by radiocarbon, tree ring, pollen analysis or other dating
techniques). The majority of landslides within the study area are believed to have been
triggered by river erosion (Lebuis et al. 1983); however, many of the largest landslide
features have been ascribed to earthquake activity. This includes a number of
landslides associated with the 1663 Charlevoix earthquake in eastern Québec, and
several very large paleo-slides associated with earthquakes east of Ottawa dated at
about 4500 YBP (Aylsworth and Lawrence 2003). The distribution of these large
earthquake-triggered landslides is shown in Figure 2-8. It can be seen that the 1663
earthquake caused large landslides to occur some considerable distance from the
epicentre (i.e. at least as far as Shawinigan, approximately 225 km away).

Figure 2-7. Landslides in the study area with known ages.
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Figure 2-8. Distribution of landslides known to be associated with historic or prehistoric
earthquakes.
2.3.3 Physiography and Drainage
The study area is a large basin formed largely by two rift valleys: the Saint Lawrence
and Ottawa-Bonnechere grabens. The study area also includes the Saguenay Fjord,
and a tongue that extends south toward Lake Champlain in the United States, which are
also both a result of rifting (Kumarapeli 1985).
Figure 2-9 is a hillshade interpretation of a digital elevation model (Shuttle Radar
Tomography Mission 2000) with pixel size approximately 90 m. This image shows
landform shape and texture at the regional scale. The study area appears relatively flat
and smooth in comparison with the surrounding uplands to the north and west (i.e.
rugged Precambrian rocks of the Canadian Shield), southwest (i.e. rugged Precambrian
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rocks of the Adirondacks) and southeast (i.e. tilted and folded sedimentary rocks of the
Appalachians).

Figure 2-9. Physiographic setting (interpreted from SRTM 2000).
The study area can be subdivided for more detailed study. Three convenient subregions – western, central and eastern – are outlined in Figure 2-9. Subsequent
sections of this Chapter will describe conditions within each of these sub-regions in more
detail.
The study area drains from southwest to northeast, with the Saint Lawrence River
draining the Great Lakes toward the Gulf of Saint Lawrence in the Atlantic Ocean, and
the Ottawa River draining eastern and northern Ontario and part of western Québec (see
Figure 2-10). The Saguenay Fiord and River drain much of east-central Quebec toward
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the Gulf of Saint Lawrence. A number of secondary rivers drain toward these major
drainage features, and some of these are discussed in subsequent sections of the
Chapter. The drainage data in Figure 2-10 are courtesy of DMTI Spatial Inc.

Figure 2-10. Drainage.
2.3.4 Thickness of Overburden Soils
The surficial materials within the study area fill a pre-existing existing basin formed by
the Saint Lawrence and Ottawa-Bonnechere grabens, reportedly to depths up to 60 m in
places (Karrow 1965). Figure 2-11, which is interpreted from Natural Resources Canada
(2004), shows the spatial distribution of overburden thickness. There are isolated
pockets of deep soil in the western part of the study area, near Ottawa and around the
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Saint Lawrence River west of Montreal, and around Lac Saint Jean. There are
extensive thick deposits in the central part of the study area, near Lac Saint Pierre,
which is a large widening of the Saint Lawrence River.

Figure 2-11. Thickness of overburden soils (depth to bedrock) in and near the study
area (from Natural Resources Canada 2004).
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Figure 2-12. Distribution of overburden thickness within the study area.
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Figure 2-12 shows the frequency distribution of overburden thickness. It is evident that
there are some deposits thicker than 60 m; however these represent a very small
percentage of the area. Eighty percent of the study area has surficial deposits with
thickness ranging between 10 and 45 m.
Figure 2-13 to Figure 2-16 present a more detailed perspective of overburden thickness
across two cross sections through the study area (as indicated on Figure 2-11). Figure
2-13 shows a cross section through the thickest sediments in the study area. The
rugged uplands of the Canadian Shield and Appalachians are seen to the north and
south, and the bedrock surface forms a gentle, concave basin within the extent of the
former Champlain Sea. Figure 2-14 shows a more detailed view of the thickness of
Champlain Sea sediments, which are approximately 60 to 70 m thick below the Saint
Lawrence River and Lac Saint Pierre. Figure 2-15 shows a cross section through
thinner sediments in the western part of the study area. Again, the Canadian Shield is
evident in the northern part of the cross section. This cross section terminates within the
extent of the former Champlain Sea due to lack of data further south. Overburden is
thickest south of the Ottawa River, where a paleo-island of the proto-Ottawa River
emerges above the lower plains that were carved by abandoned channels of the ancient
river. Maximum thickness in this area is approximately 50 m. The overburden soils thin
noticeably further south, and then begin to thicken again toward the Saint Lawrence
River.
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Figure 2-13. Overburden thickness - eastern cross section (ground surface from SRTM 2000, depth from NRCan 2004).
Eastern Cross Section Through the Saint Lawrence River Valley:
Within Former Champlain Sea
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Figure 2-14. Detailed view of marine deposition area in eastern cross section.
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Western Cross Section Through the Saint Lawrence River Valley
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Figure 2-15. Overburden thickness - western cross section (ground surface from SRTM 2000, depth from NRCan 2004).
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Figure 2-16. Detailed view of marine deposition area in western cross section.
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2.3.5 Detailed perspective of geology and physiography for different parts of the
study area
2.3.5.1 Western Part of the Study Area
In this section, the physiography, drainage, bedrock and surficial geology, and landslide
distribution are discussed, in that order, for the western part of the study area. For each
of these topics, the whole area is first described, followed by a description of the Ottawa
and Montreal areas, which are illustrated at larger scale. The subsequent sections for
the central and eastern parts of the study area are organized in the same fashion,
describing first the general and then more detailed perspective for selected areas,
following the same order of topics. This organization is intended to help develop an
understanding of the general relationships between geospatial conditions and landslide
incidence.
Figure 2-17 is a hillshade interpretation of the digital elevation model showing landforms
and surface texture in the western part of the study area, and Figure 2-18 and Figure
2-19 show the Ottawa and Montreal areas at a larger scale. The clay plains are
surrounded to the north, west and south by rugged bedrock uplands. The westernmost
arm of the study area has more relief than most of the rest of the study area. At the
smaller scale, abandoned channels of the proto-Ottawa river are visible near Ottawa and
Montreal, and these are quite clear and detailed in the larger scale images. It is evident
from the size of these features that the ancient river was larger than the modern Saint
Lawrence River.
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Figure 2-17. Physiographic setting – western part of the study area.

Figure 2-18. Physiography – Ottawa area.
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Figure 2-19. Physiography – Montreal area.
The clay plains, which look fairly flat and homogeneous on a regional scale, appear to
have much more texture in the Ottawa and Montreal images in Figure 2-18 and Figure
2-19. East of Ottawa and south of the Ottawa River exists a gentle clay plain through
which wide channels have been carved, leaving abandoned islands raised above the
abandoned channels. Surrounding this eroded plain to the south, the terrain has more
relief, suggesting glacial deposits or shallow bedrock, rather than post-glacial marine
sediments. North of the Ottawa River the ground is very rugged, with a narrow fringe of
gentler terrain, associated with the evolution of the river, bounding the uplands of the
Canadian Shield.
In the Montreal area one can see a number of round hills aligned from east to west.
These are the westernmost Monteregian Hills, relict volcanic features. The Ottawa and
Saint Lawrence Rivers meet at the islands of Montreal. North and east of Montreal there
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are abandoned channels and islands, similar to those located east of Ottawa. The
ground has more texture and relief west and south of Ottawa, again suggesting glacial
activity or shallow bedrock.

Figure 2-20. Drainage – western part of study area.
Figure 2-20 shows the drainage network in the western part of the study area, and
Figure 2-21 and Figure 2-22 provide a more detailed view for the Ottawa and Montreal
areas. The Ottawa River flows from west to east, joining the Saint Lawrence River near
Montreal. The uplands of the Canadian Shield to the north and west tend to be poorly
drained, with numerous lakes and ponds. Lakes are almost completely absent in the
clay plains of the study area, and where they do exist, are suggestive of glacial deposits
or shallow bedrock rather than marine sediments. Most of the area between the Saint
Lawrence and Ottawa Rivers drains north toward the Ottawa River via smaller rivers
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such as the Rideau and South Nation. Note that digital drainage data were not
available from the data provider south of the Canadian border.

Figure 2-21. Drainage – Ottawa area.
Drainage north of the Ottawa River is primarily bedrock controlled, which differs
markedly from conditions south of the river. The Rideau River, which flows north to the
Ottawa River, maintains a relatively linear course, suggesting bedrock control. By
contrast, the South Nation River to the east travels a broadly meandering course,
suggesting limited relationship with bedrock and therefore generally thicker sediment
deposits.
The Richelieu River east of Montreal flows nearly directly south to north, again
suggesting bedrock control. By contrast, the Chateauguay River follows a less direct
path, suggesting less direct influence of bedrock and possibly thicker sediments. The
drainage features west of the Ottawa and Saint Lawrence Rivers, and north of the
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Montreal area, tend to flow from west to east. By contrast, the drainage features south
of the Saint Lawrence River flow from south to north.

Figure 2-22. Drainage – Montreal area.
Bedrock geology in the west is illustrated in Figure 2-23, which shows the western part
of the study area, and Figure 2-24 and Figure 2-25, which show the Ottawa and
Montreal areas. Refer to Figure 2-3 for the legend indicating material type. Most of this
part of the study area is underlain by sedimentary rock, although the western arm along
the Ottawa River is underlain by predominantly metamorphic rocks of the Canadian
Shield, as are the northernmost fringes. The drainage features flowing into the clay
plains from the north flow through channels incised in or above metamorphic rock.
In the Ottawa area, all of the clay plains are underlain by sedimentary rock south of the
city, and including a narrow band north of the river. The uplands to the north are
comprised of metamorphic and igneous rock.
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Figure 2-23. Bedrock geology – western part of study area (see Figure 2-3 for legend).

Figure 2-24. Bedrock geology – Ottawa area (see Figure 2-3 for legend).
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Figure 2-25. Bedrock geology – Montreal area (see Figure 2-3 for legend).
Bedrock in the Montreal area is similar to that around Ottawa, with predominantly
sedimentary rock underlying the clay plains, and metamorphic and igneous rock of the
Canadian Shield emerging in the highlands to the north. Unlike the Ottawa area,
however, there is metamorphic rock west of Montreal, and a series of igneous intrusions
(i.e. the Monteregian Hills).
Figure 2-26 shows the surficial soils in this part of the study area. Refer to Figure 2-4 for
the legend detailing surficial soil types. Marine deposits are less common in the south
and southwest, where till deposits are more dominant, and tend to be more common
along the northwest arm and to the east. There are extensive alluvial deposits along the
Ottawa River, once again reflecting the fact that the proto-Ottawa River was quite
substantial, and possibly larger and more dynamic than the present day Saint Lawrence
River. A substantial deposit of ice contact sand and gravel connects the Ottawa area
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with the Saint Lawrence River, generally following the axis of the Rideau River. The
islands in the Montreal area and the more rugged terrain in the southern part of the
study area are comprised primarily of till.

Figure 2-26. Surficial geology – western part of study area (see Figure 2-4 for legend).
Figure 2-27 and Figure 2-28 show the surficial materials in the Ottawa and Montreal
areas at a larger scale. The area east of Ottawa is dominated by alluvial soils, which are
surrounded, and likely underlain, by marine deposits. Marine soils also extend along the
Gatineau River, north of Ottawa, which is carved into the rugged bedrock hills of the
Canadian Shield. The Montreal area has a large proportion of till materials at the
surface, with a number of deposits of alluvial materials within larger marine deposits.
Figure 2-29 shows the distribution of landslide features in the western part of the study
area, as obtained from various literature sources, including primarily Fransham and
Gadd (1977). Landslide activity is generally confined to the area around Ottawa.
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Further, landslides appear to be somewhat more common north of the Ottawa River,
along the river’s floodplain and along its main tributaries from the north. There is also a
cluster of large landslides east of Ottawa, south of the Ottawa River. If one were to
examine the Ottawa area more closely (Figure 2-30), there are numerous large and very
large features, which are both individual landslides and groups of landslides. There are
also several clusters of smaller landslide features, notably along the South Nation River
and closer to the city of Ottawa. The Montreal area, by contrast, is almost entirely
devoid of known landslides, with the exception of three small features, as illustrated in
Figure 2-31. Recall, however, that these are landslides that have been documented in
the literature; there may be landslides in this area that haven’t been the subject of formal
study, and therefore do not appear here.

Figure 2-27. Surficial geology – Ottawa area (see Figure 2-4 for legend).
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Figure 2-28. Surficial geology – Montreal area (see Figure 2-4 for legend).

Figure 2-29. Landslides – western part of the study area.
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Figure 2-30. Landslides – Ottawa area.

Figure 2-31. Landslides – Montreal area.
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Considering the findings presented above, it is evident that landslides identified in the
western part of the study area are associated with the following factors:
Physiography and Drainage: landslides occur along steep drainage channels
carved through the rugged uplands of the Canadian Shield, among the
abandoned terraces and islands of the proto-Ottawa River, and along selected
secondary rivers south of the Ottawa River (e.g. South Nation River and
Mississippi River). They tend to be absent near other landforms and drainage
features;
Geology: landslides are found in areas of sedimentary rock south of the Ottawa
River and primarily metamorphic rock north of the river. They occur in the marine
soils north of the Ottawa River, and in alluvial soils (which are expected to be
underlain by marine soils) south of the river. Further south, where marine soils
are present at the surface, large landslides are absent.
2.3.5.2 Central Part of the Study Area
The central part of the study area is confined between the Canadian Shield to the north
and west and the Appalachians to the south and east, as shown in Figure 2-32. The
Saint Lawrence River divides the lowlands, following a course through the northern third
of the clay plains. The placement of the Saint Lawrence (i.e. closer to the north than
south) and the greater amount of isostatic rebound to the north means that the average
slopes across the study area from the limits of marine invasion to the banks of the Saint
Lawrence, are steeper, on average, north of the river than south.
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Figure 2-32. Physiography – central part of study area.

Figure 2-33. Physiography – Monteregian Hills area.
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Figure 2-33 shows the terrain in the Monteregian Hills area. This area contains primarily
gentle terrain, with abandoned river channels, terraces and islands around the Saint
Lawrence River. The eastern part changes gradually from gentle clay plains into the
more rugged hills of the Appalachians. The Monteregian Hills stand in a distinct line
running east to west.
Lac Saint Pierre is a widening in the Saint Lawrence River located southwest of Trois
Rivières. Abandoned terraces are observed north of the lake, and along both sides of
the Saint Lawrence River to the east, as illustrated in Figure 2-34. The northern part of
this area is carved by several deep drainages that flow roughly perpendicularly to the
Saint Lawrence. The craters of several very large retrogressive landslides can be
distinguished along the banks of some of these drainages, notably at Shawinigan and at
the headwaters of the smaller drainages to the west. A long linear ridge running
southwest to northeast, starting near Shawinigan, is the surface expression of the Saint
Narcisse Moraine.
The lowlands narrow considerably in the vicinity of Québec City, which is situated on a
low lying plain and long linear hill along the Saint Lawrence River, as illustrated in Figure
2-35. The generally rugged surface texture in most of this part of the study area
suggests thin overburden soils over shallow bedrock or glacial deposits.
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Figure 2-34. Physiography – Lac Saint Pierre area.
Figure 2-36 provides an overview of drainage in the central part of the study area. The
Saint Lawrence River is the largest feature in this area. It drains the Great Lakes and
Ottawa River from the west toward the Gulf of Saint Lawrence in the Atlantic Ocean to
the east. Lac Saint Pierre represents a widening in the river, at a place where the
marine sediments tend to be thickest (see Figure 2-11). A large number of smaller rivers
drain from the highlands north and south of the study area toward the Saint Lawrence,
forming a network of drainages that range from perpendicular to sub-parallel with the
Saint Lawrence. Similar to the western part of the study area, lakes are abundant in the
rugged uplands of the Canadian Shield north of the study area. They are also relatively
common in the Appalachians south of the study area, and almost entirely absent within
the extent of marine invasion.
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Figure 2-35. Physiography – Quebec City area.

Figure 2-36. Drainage – central part of the study area.
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Figure 2-37 shows drainage features in the Monteregian Hills area. The largest river
draining into the Saint Lawrence is the Rivière Saint François, which is roughly
perpendicular to the Saint Lawrence, and follows a relatively linear course. It is
expected that this drainage reflects a strong relationship with the structure of the
underlying bedrock. The Yamaska and Richelieu Rivers are both sub-parallel to the
Saint Lawrence, and also follow relatively linear courses, suggesting a strong connection
with bedrock structure. The rivers north of the Saint Lawrence (e.g. l’Achigan and
Ouareau) are less substantial features and follow more random courses, suggesting
thicker overburden soils or shallower channels characteristic of younger rivers.

Figure 2-37. Drainage – Monteregian Hills area.
The secondary drainage features in the Lac Saint Pierre area all tend to flow
perpendicular to the Saint Lawrence River, as shown in Figure 2-38. The Rivière SaintMaurice is the most significant secondary river.
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Figure 2-38. Drainage – Lac Saint Pierre area.

Figure 2-39. Drainage – Quebec City area.
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Figure 2-39 illustrates drainage in the Québec City area. The Saint Charles,
Beaurivage, Chaudière, Etchemin and Montmorency Rivers all flow roughly
perpendicular to the Saint Lawrence, and tend to meander, suggesting a weak
connection with underlying bedrock, and thick overburden soils. By contrast, the Boyer
and du Sud Rivers are sub-parallel to the Saint Lawrence, and follow the trend of linear
ridges in the same area, suggesting bedrock control and thinner overburden.
Figure 2-40 shows bedrock geology in the central part of the study area. The study area
is bounded to the north by metamorphic rock of the Canadian Shield, and is elsewhere
underlain by sedimentary rock of the Atlantic Platform and the Appalachian Orogen,
which also includes long linear intrusions of igneous rock oriented southwest to
northeast, parallel with bedding and/or folding.

Figure 2-40. Bedrock geology – central part of study area (see Figure 2-3 for legend).
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Figure 2-41. Bedrock geology – Monteregian Hills area (see Figure 2-3 for legend).

Figure 2-42. Bedrock geology – Lac Saint Pierre area (see Figure 2-3 for legend).
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The Monteregian Hills area is underlain by sedimentary rock, except where the volcanic
Monteregian Hills intrude, as illustrated in Figure 2-41. The Lac Saint Pierre area is
underlain by sedimentary rock, except to the north where there are metamorphic rocks
of the Canadian Shield, as illustrated in Figure 2-42. Bedrock conditions in the Québec
City area are similar to those in the Lac Saint Pierre area, as illustrated in Figure 2-43.

Figure 2-43. Bedrock geology – Quebec City area(see Figure 2-3 for legend).
Surficial soil conditions in the central part of the study area are heterogeneous and
complex, as illustrated in Figure 2-44. Marine sediments are the most common soil type,
but there are large deposits of alluvial soils, particularly close to the Saint Lawrence
River. There are smaller deposits of till, which are more common south of the Saint
Lawrence, and two large areas dominated by ice contact sand and gravel, one on either
side of the Saint Lawrence, just east of Lac Saint Pierre.
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Figure 2-44. Surficial geology – central part of the study area (see Figure 2-4 for
legend).

Figure 2-45. Surficial geology – Monteregian Hills area (see Figure 2-4 for legend).
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Figure 2-45 illustrates the surficial soil conditions in the Monteregian Hills area. The
large islands at Montreal are composed primarily of till. The plains east and north of
Montreal are a mixture of marine sediments and alluvial soils, which are expected to be
underlain by marine sediments. The eastern part of this area, where the terrain
becomes gradually more rugged and higher in elevation, is dominated by till and ice
contact sand and gravel.

Figure 2-46. Surficial geology – Lac Saint Pierre area (see Figure 2-4 for legend).
Figure 2-46 shows surficial soil conditions in the Lac Saint Pierre area. This area is
dominated by a tongue of ice contact sand and gravel along the Rivière Saint Maurice,
intruding into the marine sediments and alluvial soils to the east and west along the
Saint Lawrence River and Lac Saint Pierre. There are a number of smaller till deposits
within this part of the study area, and till soils dominate outside of the limits of marine
deposition to the north, overlying the rugged hills of the Canadian Shield.
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Figure 2-47. Surficial geology – Quebec City area (see Figure 2-4 for legend).

Figure 2-48. Landslides – central part of the study area.
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Figure 2-47 illustrates surficial soil conditions in the Québec City area. Within the limits
of marine deposition, there are a number of till outcrops aligned with bedrock bedding
(as observed in the hillshade image in Figure 2-35), and marine sediments dominate the
lower lying areas. Till is again observed in the highlands to the north and south, and
there are a number of deposits of ice contact sand and gravel.
Figure 2-48 shows the distribution of landslide features, as documented in the literature,
throughout the central part of the study area. The largest concentration of recorded
landslides is near Lac Saint Pierre, particularly north of the lake. There are also smaller
clusters of landslides south of Lac Saint Pierre, east of the lake, north of the Saint
Lawrence, and south of the Saint Lawrence east of Québec City.

Figure 2-49. Landslides – Monteregian Hills area.
Landslides in the Monteregian Hills area are shown in more detail in Figure 2-49, which
shows a large number of landslides along a section of the lower reach of the Yamaska
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River. Landslides are almost entirely absent elsewhere in this area, at least as
documented in the literature. Again, landslides may be present in this area, but there is
no data in the literature.

Figure 2-50. Landslides – Lac Saint Pierre area (see text for references).
Figure 2-50 shows landslides in the Lac Saint Pierre area that have been obtained from
the following references:
•

Donovan (1978) – single large feature at northwest end of Maskinongé River;

•

Demers et al. (1999) – several smaller features along Maskinongé River closer to
Lac Saint Pierre;

•

Leroueil and Locat (1998) – several features, shown in red, northeast of the
Maskinongé River;

•

Karrow (1972) – large clusters of landslides east of Rivière du Loup;
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•

Desjardins (1980) – very large features, shown in yellow, at the north end of
Rivière Saint-Maurice;

•

Karrow (1959) – landslides along Rivière Batiscan;

•

Lajoie (1974) – very large scalloped scarps and terraces around Lac Saint Pierre;
and

•

Eden (1956) – one small feature (the fatal 1955 Nicolet landslide) located just
east of Lac Saint Pierre.

The landslide features along the lower reaches of Rivières Saint-Maurice and Bécancour
have been obtained from a review of selected aerial photographs representing a limited
area. These landslides have not been documented in the literature that was reviewed
for this study, and suggest that there may be other undocumented landslides. The Saint
Narcisse Moraine is also shown, since there may be a relationship between the
presence of moraine and landslides. The western part of this moraine coincides with
very large clusters of landslides; however, the eastern segment does not appear to be
related to landslide activity. It should be noted that Lajoie (1974) acknowledges that the
features he identified as probable landslides around Lac Saint Pierre may be associated
with other geomorphological processes, but he believes they are most likely the result of
landslides.
Figure 2-51 shows the distribution of landslides in the vicinity of Québec City. There are
no landslides documented in the immediate vicinity, however there are some landslides
south of the Saint Lawrence River, over 20 km east of Québec City. A small number of
these features were documented by La Rochelle et al. (1970), but the majority of these
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features have been interpreted from a select set of aerial photos. Many of these
landslides occur along Rivières Boyer and du Sud, but some large features along the
shore of the Saint Lawrence have also been interpreted.

Figure 2-51. Landslides – Quebec City area.
Considering the findings presented above, it is evident that landslides in the central part
of the study area are associated with the following factors:
Physiography and Drainage: landslides occur more frequently along the shorter,
steeper drainage channels north of the Saint Lawrence River, in comparison with
the longer, more gently graded rivers to the south. The smaller number of rivers
south of the Saint Lawrence that are affected by landsliding (e.g. Yamaska,
Boyer and du Sud) all appear to be controlled by the structure of the underlying
bedrock. Landslides tend to occur in the upper terraces above the floodplains
and abandoned channels adjacent to the Saint Lawrence, where drainage
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features cut deeper channels, and are absent in the lowest plains adjacent to the
Saint Lawrence;
Geology: landslides are found predominantly in marine sediments, in areas near
the contact between sedimentary rocks of the Atlantic Platform and the
metamorphic rocks of the Canadian Shield. Most of the landslides in this area
occur where the thickness of overburden materials is deep (see Figure 2-11).
2.3.5.3 Eastern Part of the Study Area

Figure 2-52. Physiography – eastern part of the study area.
The physiography of the eastern part of the study area is illustrated in Figure 2-52. The
limits of marine invasion narrow substantially along the Saint Lawrence River and Gulf of
Saint Lawrence, and extend inland along the Saguenay Fiord and River to lowlands
surrounding Lac Saint Jean. Figure 2-53 presents a detailed view of terrain around Lac
Saint Jean. The lake is surrounded on three sides by low lying flats, and is bordered by
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rugged hills to the southwest. The clay flats are carved by randomly oriented rivers and
streams that drain from all directions toward the lake. The Saguenay River drains the
lake toward the Saint Lawrence via the Saguenay Fiord. Figure 2-54 illustrates the
terrain in the Chicoutimi area, where the Saguenay River empties into the fiord. Linear
features in the uplands north and south of the fiord and river suggest faulting parallel to
drainage, and suggest that the river and fiord are themselves structural features, which
is consistent with Kumarapeli (1985).

Figure 2-53. Physiography – Lac Saint Jean area.
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Figure 2-54. Physiography – Chicoutimi area.

Figure 2-55. Physiography – Saint Lawrence River coastal area.
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Figure 2-55 shows terrain conditions along a section of the Saint Lawrence River where
it makes the transition to the Gulf of Saint Lawrence. Linear features in the rugged hills
of the Canadian Shield north of the Saint Lawrence River, parallel to the river and
perpendicular to the Saguenay Fiord, are indicative of faulting or folding along that axis.
Similar linear features south of the river in the sedimentary rocks of the Appalachian
Orogen are also, in some places, an indication of the orientation of tilted beds. There
are narrow clay plains, interrupted by long linear ridges, adjacent to and south of the
Saint Lawrence. These clay plains narrow considerably and almost disappear further
east along the Gulf of Saint Lawrence.

Figure 2-56. Drainage – eastern part of the study area.
Figure 2-56 shows the drainage system for the eastern part of the study area. The Saint
Lawrence River flows from southwest to northeast toward the Gulf of Saint Lawrence,
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and Lac Saint Jean drains to the Saint Lawrence via the Saguenay River and Fiord. A
number of secondary rivers (not all shown at this scale) drain the adjacent highlands.
The drainage around Lac Saint Jean is illustrated in Figure 2-57. A number of minor
drainages feed the lake from the southwest. Larger rivers drain across the clay plains to
the lake from the north, and the lake drains to the east via Rivière Saguenay.
Drainage in the Chicoutimi area is illustrated in Figure 2-58. The rugged uplands to the
north and south are poorly drained, containing numerous lakes and ponds. Several
secondary rivers flow perpendicularly to the Saguenay River.

Figure 2-57. Drainage – Lac Saint Jean area.
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Figure 2-58. Drainage – Chicoutimi area.

Figure 2-59. Drainage – Saint Lawrence River coastal area.
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Figure 2-60. Bedrock geology – eastern part of the study area (see Figure 2-3 for
legend).
Drainage along the Saint Lawrence River is illustrated in Figure 2-59. A number of
secondary rivers drain to the Saint Lawrence from the uplands north and south of the
river. In some places south of the Saint Lawrence, these secondary rivers appear to be
influenced by bedrock structure (e.g. Rivières Ouelle, du Loup and Verte). The
surrounding uplands tend to be poorly drained, with numerous lakes and ponds.
Bedrock geology in the eastern part of the study area is shown in Figure 2-60. The
southern shore of the Saint Lawrence River is underlain by sedimentary rock, with
isolated sections of metamorphic rock. The area north of the Saint Lawrence and
alongside the Saguenay Fiord and Lac Saint Jean is underlain by predominantly
metamorphic rock, with a large area of igneous rock north and east of Lac Saint Jean.
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Bedrock geology around Lac Saint Jean is shown in more detail in Figure 2-61, which
shows fairly complex bedrock conditions around the lake. There are isolated areas of
sedimentary rock south and west of the lake. Igneous rocks are observed east of the
lake and immediately adjacent to the two sedimentary rock deposits. The remaining
rock is metamorphic.
Bedrock conditions are similarly complex in the Chicoutimi area, as illustrated in Figure
2-62. The western end of the Saguenay Fiord is offset to the north and east from a
similarly shaped deposit of sedimentary rock which is surrounded by metamorphic rock.
Igneous deposits are observed in the north and west extremes of this map area, along
with an isolated deposit south of La Baie.

Figure 2-61. Bedrock geology – Lac Saint Jean area (see Figure 2-3 for legend).
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Figure 2-62. Bedrock geology – Chicoutimi area (see Figure 2-3 for legend).
Bedrock conditions along the Saint Lawrence River in the eastern part of the study area
are illustrated in Figure 2-63. Metamorphic rock is dominant north of the Saint
Lawrence, and sedimentary rock south of the river, with some long linear metamorphic
bodies. A long linear deposit of sedimentary rock runs parallel to and with the same
general shape as the Saguenay Fiord, to the south, confirming that this feature is related
to bedrock structure.
Surficial soils in the eastern part of the study area are shown in Figure 2-64. Outside the
limits of marine invasion, surficial materials are primarily a veneer of till, with numerous
large pockets of exposed bedrock north of the Saint Lawrence River. There are some
isolated pockets of ice contact sand and gravel. Marine sediments are dominant within
the area formerly occupied by post-glacial seas.
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Figure 2-63. Bedrock geology – Saint Lawrence River coastal area (see Figure 2-3 for
legend).

Figure 2-64. Surficial geology – eastern part of the study area (see Figure 2-4 for
legend).
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Figure 2-65 presents a more detailed view of surficial materials in the Lac Saint Jean
area. The rugged uplands to the south are covered with a veneer of till. The low lying
plains surrounding the lake have marine sediments at the surface, with a number of
large bog deposits north of the lake. There are a few isolated pockets of exposed
bedrock, including where the Saguenay River meets the east side of the lake. This rock
probably serves to maintain water levels in the lake, since it would not be easily eroded.
Surficial materials in the Chicoutimi area are illustrated in Figure 2-66. Conditions in this
area are similar to those near Lac Saint Jean, with till covering the uplands to the north
and south, and marine sediments dominating the low lying plains along the river and
fiord. There are also isolated pockets of exposed bedrock, and bog deposits north of La
Baie.

Figure 2-65. Surficial geology – Lac Saint Jean area (see Figure 2-4 for legend).
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Figure 2-66. Surficial geology – Chicoutimi area (see Figure 2-4 for legend).

Figure 2-67. Surficial geology – Saint Lawrence River coastal area (see Figure 2-4 for
legend).
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Figure 2-67 illustrates the surficial soils along the Saint Lawrence River in the eastern
part of the study area. Surficial soils are predominantly till with isolated pockets of
bedrock and ice contact sand and gravel outside the limits of marine invasion.
Elsewhere marine sediments are dominant, with long linear deposits of till or ice contact
sand and gravel parallel with bedrock structure south of the river.
The distribution of landslides in the eastern part of the study area, as documented in the
literature, is illustrated in Figure 2-68. Landslides are common around the southern
shore of Lac Saint Jean, and there are clusters of landslides along the Saguenay River
west of the fiord, and also along Rivière du Gouffre on the north shore of the Saint
Lawrence River.

Figure 2-68. Landslides – eastern part of the study area.
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Figure 2-69. Landslides – Lac Saint Jean area (see text for references).
Figure 2-69 presents a more detailed view of landslides in the Lac Saint Jean area. The
majority of the features identified in the literature are along or near the south and
southeast shore of the lake. Landslide features in this map area have been obtained
from the following sources:
•

Lajoie (1974) – several long, scalloped scarps along the perimeter of Lac Saint
Jean; and

•

La Rochelle et al. (1970) – numerous point locations of landslides around the Lac
Saint Jean area, and the outline (i.e. shape and size) of a number of landslides
near Desbiens.

A number of features have also been traced from a review of aerial photos covering part
of the area east of Desbiens. As noted previously, some of the features identified by
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Lajoie (1974) have been tentatively identified by that author as probable landslides, but
may not be universally accepted as such.

Figure 2-70. Landslides – Chicoutimi area (see text for references).
Landslides in the Chicoutimi area are illustrated in Figure 2-70. These features have
been extracted from the following sources:
•

Brzezinski (1971) – one small landslide along the Rimouski River, across the
Saguenay River from the large green features;

•

Hurtubise et al. (1957) – one point feature south of the Saguenay Fiord;

•

Lajoie (1974) – cluster of large landslide features south of the west end of the
Saguenay Fiord, outlined in red;

•

La Rochelle et al. (1970) – numerous point features; and

110

•

Potvin et al. (2001) – large features north of the Saguenay River, outlined in
green. These features include the 1971 Saint Jean Vianney landslide, as well as
several scarps associated with much larger events believed to have been
triggered by the 1663 Charlevoix earthquake.

Figure 2-71 shows landslides along the Saint Lawrence River in the eastern part of the
study area, as mapped by the above-noted authors. The literature documents a number
of landslides along Rivière du Gouffre (Filion et al. 1991), as well as several landslides
near the mouth of the Saguenay Fiord (La Rochelle et al. 1970). The landslide features
shown in Figure 2-71 along the Rivière du Gouffre have been dated (Filion et al. 1991),
and many of these are believed to have been triggered by the 1663 Charlevoix
earthquake.

Figure 2-71. Landslides – Saint Lawrence River coastal area (see text for references).
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Considering the findings presented above, it is evident that landslides in the eastern part
of the study area are associated with the following factors:
Physiography and Drainage: landslides are common in the clay plains close to
the rugged uplands immediately adjacent to and south of Lac Saint Jean. They
also occur preferentially along the more deeply incised secondary rivers, and
along the high banks of the Saguenay Fiord;
Geology: landslides are found almost exclusively in areas of marine sediments.
They are most often found above sedimentary bedrock, or very close to the
contact between sedimentary and metamorphic rock.
2.3.5.4 Summary
This subsection has provided a detailed review of physiography, drainage, bedrock
geology, surficial geology, and distribution of landslides for the western, central and
eastern parts of the study area. It can be seen that these conditions vary considerably
across the study area. Nevertheless, certain trends appear to relate landslides to terrain
conditions, and these can be summarized as follows:
•

Landslides are most common along steeper (higher gradient) or more deeply
incised drainage features;

•

Landslides are absent on the floodplain below the lowest terraces along the Saint
Lawrence and Ottawa Rivers;

•

Where landslides are present south of the Saint Lawrence River, they tend to be
more common along bedrock controlled drainage features that are aligned with
faults, or folded or tilted bedding;
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•

Landslides tend to occur above sedimentary rock or near the contact between
sedimentary and metamorphic rock;

•

Landslides occur almost exclusively in marine sediments or in alluvial soils,
which are believed to overlie marine sediments; and

•

Landslides appear to be more common where overburden soils are thicker.

2.4 PRELIMINARY REVIEW OF AERIAL PHOTOGRAPHS
2.4.1 Introduction
The previous section established some general associations between terrain features
and landslide occurrence on the basis of a small scale review of physiography, drainage
and geology. This section explores these tentative relationships in more detail, and at a
larger scale, through a visual review of aerial photographs for selected parts of the study
area.
The air photo review was completed in three main stages. In the first stage, three areas
known to contain landslides were reviewed. These areas – all documented in some
detail by La Rochelle et al. (1970) – include the area around Desbiens, a section of the
Yamaska River, and the area near Saint Vallier, all in Quebec. Available air photos were
reviewed to check the accuracy and/or completeness of existing available landslide data.
This stage also allowed the development of an initial understanding of the typical terrain
conditions in areas of frequent landslides.
The second stage of air photo review was used to explore topographic and
geomorphological features associated with three other areas of known landslide
occurrence: Maskinongé and Trois Rivières, Québec, and the South Nation River,
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Ontario. These areas were chosen due to availability of additional landslide information
from the literature.

Figure 2-72. Aerial photo study areas.
Once the first two stages of review were complete, patterns and trends associated with
landslides were developed, allowing the interpretation of the general likelihood of
landslide occurrence from available topographic maps, prior to examining the air photos.
The third stage was therefore used to test whether the emerging patterns remained
relevant in other parts of the study area. Five complete map sheets were selected for
review: NTS 31C16 (Perth/Smith Falls), 31H13 (Laurentides), 31H4 (Chateauguay),
31H11 (Beloeil), and 31I2 (Yamaska). These various map sheets, which are located
approximately in Figure 2-72, were selected to represent a good cross section of
geographical location and terrain types. Each topographic map was studied, and areas
of probable absence and presence of landslides were selected, based on the patterns
114

established in the first two stages. Air photos of selected areas were then reviewed to
check the preliminary interpretation from the topographic maps, and to refine the
understanding of geospatial trends.
The air photo review was limited to selected areas within the former Champlain Sea, and
the availability of photos at different years and scales varied. The findings of this study
are believed to be representative of the whole Champlain Sea, but there will be
variations outside the areas of visual review, and these variations may be substantial.
The relative lack of air photo coverage for certain areas limited the ability to interpret
temporal trends. As a general rule, air photo coverage is much better for built up areas,
and some rural areas have only one or two years of imagery. In some cases, only high
altitude (i.e. 20,000 ft or greater) photos were available. The size of landslide that can
be resolved varies with the scale and quality of the photo. Only large retrogressive
landslides and very fresh smaller landslides could be detected reliably in the higher
altitude photos. A complete list of air photos reviewed for this study is included at the
end of the References section.
2.4.2 Stage 1: Specific areas documented by La Rochelle et al. (1970)
2.4.2.1 Quebec – Desbiens Area
Chagnon (1968) shows 20 landslides in the area of Desbiens, Quebec, which is located
on the south shore of Lac Saint Jean, at the headwaters of the Saguenay River in the
area of the former Laflamme Sea. La Rochelle et al. (1970), working with detailed
unpublished data from the work done by Chagnon (1968), present an overview map
showing individual landslides in the Lac Saint Jean-Saguenay River area. This map
shows several small clusters of landslides west of Lac Saint Jean, southeast of Lac
115

Saint Jean (i.e. in the Desbiens area), at the ends of the Saguenay Fiord at Chicoutimi
and Bagotville, and at the mouth of the Fiord at the Saint Lawrence River near
Tadoussac.
Some of the landslides in the immediate vicinity of the Desbiens area by La Rochelle et
al. (1970) are shown along the shore of Lac Saint Jean. Nine distinct features are
identified. Note that the shore of Lac Saint Jean in this vicinity is scalloped, with a
number of curved features, possibly suggestive of abandoned scarps of other, much
larger ancient landslides. These features were illustrated in Figure 2-69.
La Rochelle et al. (1970) also show bedrock elevation in the vicinity of the identified
landslides, and interpret the presence of a buried valley emerging into Lac Saint Jean in
the centre of the area of shoreline affected by landslide activity. They also present
contours of undrained shear strength and sensitivity at 11 m depth. Shear strength is
lowest, and sensitivity highest, in the area of the buried valley, suggesting a possible
geological explanation for local landslide incidence.
Several sets of aerial photos were obtained and reviewed in an effort to check the
landslide inventory presented by Chagnon (1968) and La Rochelle et al. (1970). This
included photos at various scales (i.e. roughly 10,000 to 27,500 ft) and ages (i.e. 1930 to
1986). The aerial photo study was limited to NTS map sheet 22D5, or the southeast
quadrant of Lac Saint Jean and surrounding area, which includes the Desbiens area.
Generally, all of the landslides indicated by La Rochelle et al. (1970) were easily located
in the photos. There are additional landslide features evident in the air photo record not
identified by La Rochelle et al. (1970), as shown previously in Figure 2-6. There are
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numerous old landslides alongside the drainage feature running ESE to WNW just south
of Desbiens, at the toe of the hills rising to the south above the clay plains. There is also
an abandoned scarp of what might be a very large paleo-slide 5 to 6 km east of
Desbiens, close to the lake shore. Further, the steep banks along the lake shore are
suggestive of possible scarps of large old landslides, and the secondary drainage
features east of Desbiens are scarred with numerous landslide craters.
2.4.2.2 Quebec – Yamaska River Area
La Rochelle et al. (1970) present a detailed map of landslide occurrence in a particularly
active section of the middle reach of the Yamaska River. That map shows
approximately 25 of the 121 landslides identified in the general area by Chagnon (1968).
Those features have been transcribed into GIS and are shown in Figure 2-73.

Figure 2-73. Landslides along the Yamaska River, per La Rochelle et al. (1970).
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An initial review of landslide distribution in this map suggests that landslides are
somewhat more abundant to the south, further away from the Saint Lawrence River, and
the landslides tend to occur in clusters. La Rochelle et al. (1970) provide bedrock
profiles below two cross-sections of the river: one near landslides and one where no
landslides are present. In these two cases, landslide occurrence appears, based on that
comparison, to be associated with the presence of a buried valley, as the authors also
showed at Desbiens.
Aerial photos at various scales (i.e. unknown low altitude to 9,000 ft) and dates (i.e. 1935
and 1950) were reviewed. All of the landslide scars documented by La Rochelle et al.
(1970) were evident in the air photo record. Roughly 10 to 15 additional retrogressive
landslides were also observed in this area. Additionally, numerous small, nonretrogressive landslides were observed along the minor tributaries on the east side of
the Yamaska River and along sections of the Yamaska River bank.
The following observations may be made from the air photos reviewed for this area:
•

large landslides are concentrated along the main river channel, which is deeply
incised and relatively wide (typically 100 to 200 m);

•

there are no obvious retrogressive landslides, but there are numerous small
(non-retrogressive) slides, along the minor tributaries which tend to be deeply
incised in this area;

•

there are some retrogressive slides along the two largest tributaries: the River
David and the Salvail River;
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•

many scars of old retrogressive landslides have farm buildings on them, giving
the suggestion that most of the events probably pre-date French settlement in
the 1600s and later;

•

most large scars can be inferred from elevation contours in 1930 base
topographic mapping (i.e. on the geological map), which dates from 1925 air
photos, suggesting most landslide scars are at least 80 years old;

•

many of the observed landslides are associated with the edge of surficial sand
features (i.e. sand cap overlying the marine silt/clay, per available geological
mapping), as suggested by Gadd (1955), however this association is not always
observed;

•

the previous observations may suggest that the observed landslides occurred at
a time when the Yamaska River had less favourable groundwater gradients and
was therefore more susceptible to large landslides. This might suggest that the
river is less susceptible to large landslides today than in the past;

•

elsewhere in the study area to the east of the Yamaska River, there are shallow
(i.e. low banks, young) drainage features that do not show many landslides (and
no retrogressive landslide craters); and

•

there are also older, shallow drainage features (i.e. meandering, sometimes with
oxbow lakes) with low banks, no retrogressive landslides and no obvious smaller
landslides.
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2.4.2.3 Quebec – Saint Vallier Area
La Rochelle et al. (1970) present a detailed map of landslide occurrence near Saint
Vallier, Québec, close to the Saint Lawrence River, showing approximately fifteen
distinct landslide features. The identified landslides are clustered along the banks of
three minor drainages, with the largest features clustered near the confluences of two
drainages. These are shown in Figure 2-74.

Figure 2-74. Landslides near Saint Vallier, Québec, per La Rochelle et al. (1970) and
selected air photos.
The drainage pattern appears to reflect underlying geological structure, following straight
lines parallel to the elevation contours. Note that the shape of the shoreline of the Saint
Lawrence River is suggestive of the possible presence of abandoned scarps of very
large old landslides.
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Aerial photos at various scales (i.e. 18,000 to 27,150 ft) and dates (i.e. 1949, 1970 and
1984) were reviewed. The absence of low altitude photos in this area limited the size of
landslide that could be resolved visually, therefore only large slides or smaller features
with fresh scars could be detected.
All of the distinct landslides mapped by La Rochelle et al. (1970) were evident in the air
photo record. These features all occur at elevations between about 30 and 40 m above
sea level. One large landslide was not observed in the 1949 photo, but appeared to be
relatively fresh in the 1970 photo, suggesting it occurred between 1949 and 1970, likely
closer to 1970. One additional retrogressive landslide not shown by La Rochelle et al
(1970) was observed in the photos. Additionally, a very large ancient landslide crater
measuring approximately 2.5 by 4 km is evident adjacent to the Saint Lawrence River,
and the scalloped shape of the bank of the Saint Lawrence suggests additional massive
old landslides.
2.4.3 Stage 2: Review of Selected Areas Based on Previously Available
Information
2.4.3.1 General
Three areas were selected for further aerial photo review based on the availability of
relevant background information, as follows:
•

Maskinongé, Québec: a section of highway south of Maskinongé has
experienced several non-retrogressive landslides, as documented by Demers et
al. (1999). Photos of this area at various scales (i.e. low altitude to 27,150 ft) and
dates (i.e. 1925, 1964 and 1984) were reviewed;
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•

Trois Rivières, Québec: available information (Donovan, 1977) suggested that
large paleo-slides are present, similar to the large paleo-slides observed east of
Ottawa and at Saint Jean-Vianney. Photos at various scales (i.e. 13,000 to
27,150 ft) and dates (i.e. 1964, 1969 and 1984) were reviewed; and

•

South Nation River, Ontario: two large retrogressive slides have occurred
recently along this river east of Ottawa: the South Nation River slide of 1971
(Eden et al. 1971), and the Lemieux slide of 1993 (Evans and Brooks 1994).
Photos at various scales (i.e. low altitude to 18,700 ft) and dates (i.e. 1945, 1946
and 1975) were reviewed.

Each of these three areas is discussed individually in the following sub-sections.
2.4.3.2 Maskinongé, Québec (NTS Map Sheet 31I3)
Maskinongé is located north of the Saint Lawrence River, approximately 40 km west of
Trois Rivières. It is situated along the Maskinongé River which drains the highlands to
the north into the Saint Lawrence to the south.
The town straddles a scarp which separates elevated plains to the north from lower
plains to the south. This scarp extends across the full width of the NTS topographic map
sheet, and is shown on available geological mapping (Bolduc 1999) as being a marine or
lacustrine terrace. The Maskinongé River north of town has deeply incised banks, and
several large retrogressive landslides are evident, ranging from the northern headwaters
to town. The large landslides are somewhat less abundant toward the south near town,
and there is a large complex of several landslides near the northern headwaters. This
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large slide complex is located immediately adjacent to the emerging bedrock hills to the
north.
Several small tributaries flow into the upper reach of the river, and these are also deeply
incised, however the large landslides are only observed along the main channel.
Smaller landslides occur frequently along the tributaries, but these have not developed
into retrogressive flowslides.
The river is less deeply incised south of town, where it flows across the lower plains. No
large landslides are evident in the air photo record. Small, non-retrogressive slides
evidently occur frequently, and this is where the slides documented by Demers et al.
(1999) occurred; however, no fresh scars were obvious in the photos.
Two other drainage features were examined in the study area – one to the east and one
to the west of the Maskinongé River. Both are smaller than the Maskinongé River, with
otherwise similar morphology. The drainage feature to the east has some obvious
landslides in the upper reach where it cuts through the elevated plains (i.e. is more
deeply incised), but these are smaller than those along the Maskinongé River. No
landslides are evident where the drainage cuts through the lower plains. The drainage
feature to the west, which flows through Saint Cuthbert, also has small landslides in its
upper reaches, but no large retrogressive landslides.
2.4.3.3 Trois Rivières, Québec (NTS Map Sheet 31I7)
Trois Rivières is located on the north shore of the Saint Lawrence River at the mouth of
the Rivière Saint-Maurice. Trois Rivières is situated along the west bank of the SaintMaurice, across from Cap-de-la-Madeleine.
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Available geological mapping (Bolduc 1999) indicates the presence of very large
landslides approximately 45 to 50 km upstream of Trois Rivières. These landslides are
easily observed in the air photos. Additional features which are suggestive of large old
landslides in the air photos are mapped by Bolduc (1999) as alluvial silt, sand or gravel
on fluvial terraces. This writer believes these may be very large old landslide craters
which have subsequently been overlain by alluvium.
The Trois Rivières map sheet includes several other drainage features to the west, each
draining the uplands in the north toward the Saint Lawrence River, flowing across
elevated plains, across a terrace scarp and onto lower plains, similar to the Maskinongé
River. The first three such drainages are the Rivière Yamachiche, Petite Rivière
Yamachiche, and Rivière du Loup. Petite Rivière Yamachiche is the smallest (i.e.
narrowest channel, and presumed lowest flow), and has no large retrogressive
landslides except one at its northern headwaters, immediately adjacent to the SaintNarcisse moraine.
Rivière du Loup, the largest of the first three drainages west of Trois Rivières, is
surrounded by old retrogressive landslides along the full length of its middle and upper
reaches above the terrace scarp. No large landslides are observed on the lower plains
below the scarp. The footprint of this continuous complex of old landslides broadens to
the north, becoming largest immediately adjacent to the Saint-Narcisse moraine and
emerging bedrock hills.
A similar large complex of paleo-slides is observed at the headwaters of the Rivière
Yamachiche immediately adjacent to the Saint-Narcisse moraine. Some retrogressive
landslides are observed south of this large complex along the middle reach of the river,
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above the terrace scarp; however, these landslides are dispersed and much less
abundant than along the same reach of Rivière du Loup, which appears to carry the
largest flow. These clusters of landslides have been mapped by Karrow (1972) and
were illustrated in Figure 2-50.
2.4.3.4 South Nation River, Ontario (NTS Map Sheets 31G3 and 31G6)
The South Nation River (SNR) is located approximately 40 km east of Ottawa, Ontario,
flowing from the south toward the Ottawa River to the north. A section of the SNR north
of Casselman roughly 15 to 20 km long is known to have had numerous retrogressive
landslides, as mapped by Fransham and Gadd (1977). The air photo review suggests
the presence of about 30 to 35 retrogressive landslides along this section of the river.
Several conclusions may be drawn from a review of landslide distribution along the SNR,
as follows:
•

there are no large landslides south of Casselman, where the river is less deeply
incised than further north. Channel depth further upstream appears to be
controlled by exposed bedrock at Casselman. There are also no evident
landslides north of an abandoned bank of the proto-Ottawa River 1-2 km north of
Lemieux, where the river is again less deeply incised, flowing through lower lying
plains of a paleo-channel of the Ottawa River. The large retrogressive landslides
are therefore confined to a relatively short reach of the SNR where it flows
through a deeply incised channel in elevated plains;

•

the large landslides tend to occur in clusters, with fewer individual landslides
between clusters. These clusters occur roughly 5 km apart along this reach of
125

the SNR. They tend to occur at bends in the river, with landslides occurring on
both the inner and outer banks of the riverbend;
•

a number of the large retrogressive landslides are confined laterally by preexisting gullies on both sides. Note this is not the case for all landslides; and

•

only two of the landslides occurred after 1945: the South Nation River slide of
1971; and the Lemieux slide of 1993. This gives some indication of the temporal
distribution of landslides of this magnitude (e.g. the Lemieux slide was roughly 3
million cubic metres) along this particular reach of river – on average, they occur
about once in 30 years, very roughly. Note that smaller slides which are not as
obvious in the air photos are expected to occur much more frequently.

The landslide dam from the South Nation River (SNR) slide is clearly evident in the 1975
photos. The dam had been overtopped at that time, but the river downstream of the
landslide still contained displaced landslide debris, four years after the event.
The Castor River flows into the SNR south of Casselman, draining the area to the west.
This river, which is less deeply incised than the affected section of the SNR, and is of
similar magnitude in terms of channel width, has no obvious large landslides. Bear
Brook flows from the west, draining into the SNR north of Lemieux. Bear Brook flows
along a low lying paleo-channel of the Ottawa River, and meanders significantly,
particularly close to the SNR. Bear Brook has no obvious landslides near its confluence
with the SNR.
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The scarps north of Lemieux which represent abandoned banks of paleo-channels of the
Ottawa River are subject to frequent small landslides. There are also numerous large
paleo-slides north of this study area along these scarps.
There are several minor drainage features draining into the SNR in the elevated section
that is susceptible to retrogressive landslides between Casselman and Lemieux. These
drainages tend to be deeply incised – in many cases almost as deep as the SNR – yet
retrogressive landslides are not observed. Frequent small slides are evident along these
drainages, but these do not develop into larger retrogressive landslides. It is possible
that groundwater flow gradients along these features are not as favourable for triggering
as along the more mature SNR, due to a weaker hydraulic connection with underlying
bedrock or till. Alternatively, the lower flow volume in these smaller, younger streams
results in less aggressive erosion, and therefore lower tendency for landslides.
Overburden soils tend to range between about 25 to 35 m in thickness along this reach
of the SNR.
2.4.4 Stage 3: General Review of Selected Map Sheets within the Former
Champlain Sea Area
2.4.4.1 General
The first two stages of review of air photos for selected areas in Quebec and near
Ottawa, as detailed in the previous two sub-sections, suggested that the likely presence
or absence of landslides might be interpreted largely from a review of topographic and
geologic maps, prior to detailed examination of air photos, based on patterns emerging
in the initial review. For example, channel morphology (i.e. width, degree of
meandering, depth, gradient) might give an initial indication of presence of landslides.
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Poorly drained areas of limited relief might be interpreted as probable areas of few or no
landslides. The presence of curved roads or railroads might be interpreted to indicate
the avoidance of an existing landslide scarp. Areas with significant relief, as indicated by
close contour lines, could generally be eliminated from consideration for retrogressive
landslides, except where such relief was observed adjacent to gentler terrain, where
marine silt or clay might exist adjacent to the emerging rock.
Aerial photographs covering the area of five topographic map sheets were selected for
additional tailed review as follows:
•

NTS 31C16 (Perth/Smiths Falls);

•

NTS 31H13 (Laurentides);

•

NTS 31H4 (Chateauguay);

•

NTS 31H11 (Beloeil); and

•

NTS 31I2 (Yamaska).

These map sheets were selected with the objective of viewing several different parts of
the former Champlain Sea with different terrain. Each topographic map sheet was
reviewed to look for areas where landslides might be expected to occur, based on the
observations detailed previously. Geologic maps were also reviewed where available.
Subsequently, stereoscopic air photos of selected areas of the maps were examined.
The findings of this review are detailed in the following sub-sections.
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2.4.4.2 Sheet 31C16 – Perth/Smith Falls, Ontario
There is generally very little relief in this map sheet, and large areas are poorly drained
and swampy. The southwest part of the map has low hills rising above the plains of the
former Champlain Sea. There are few features that suggest landslide activity, although
the shape of the Tay River near Rideau Lake might indicate very old landslide scarps.
A review of air photos of the area south of the Tay River, just west of Rideau Lake,
confirms the presence of some scarps, including one which is almost certainly an old
retrogressive landslide. Generally, the Tay River has very low relief and a wide, gentle
floodplain, except in this localized area.
It is suggested that the general absence of landslide features in this map area is due to
the limited overall relief, inefficient/poor drainage, and associated shallow drainage
channels with low banks.
2.4.4.3 Sheet 31H13 – Laurentides, Québec
This map sheet is located north of the Saint Lawrence River, southwest of the
Maskinongé area, which was discussed in the previous section.
Drainage patterns in this area, illustrated in Figure 2-75, are different from the
Maskinongé and Trois Rivières map areas to the northeast. In those areas, dominant
drainage patterns were perpendicular to the Saint Lawrence River, with intermediate
drainages flowing from the emerging bedrock uplands or Saint-Narcisse moraine ridges
to the north, into the Saint Lawrence at the south. In this area, by contrast, dominant
drainage patterns are from west to east, flowing subparallel to the Saint Lawrence.

129

The largest drainage feature is Rivière l’Assomption, into which flows Rivière l’Achigan,
which flows through the towns of Laurentides and Saint Roch L’Achigan. The next
largest drainage, after Rivière l’Achigan, is Rivière L’Esprit, which flows through Cadot
and L’Esprit. There is another, smaller unnamed drainage to the north of Rivière
L’Esprit.
Rivière L’Esprit is meandering and generally has low relief with low banks. There are no
large landslides and very few obvious smaller landslides; however, the middle reach is
more deeply incised and there is some indication of old retrogressive landslides. There
is no obvious cluster of landslides at the headwaters where the plains make contact with
the uplands to the northwest, unlike the headwaters of the drainage systems
perpendicular to the Saint Lawrence to the east.

Figure 2-75. Drainage features in NTS 31H13, Laurentides, Québec.
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The smaller river to the north of Rivière L’Esprit has a more deeply incised channel and
has frequent small landslides, although no fresh scarps are evident in the photos. No
larger, retrogressive landslides are observed.
Rivière l’Achigan is larger and more deeply incised than the Rivière L’Esprit. There are
some moderate size slides and larger retrogressive landslides in the middle and lower
reaches; however, they are not as abundant as along similar size drainages further east.
Overall, this map sheet has relatively few landslides, particularly in comparison with the
similar gentle terrain to the east where drainage is more direct from the uplands to the
Saint Lawrence, and the drainage features have steeper overall gradients and deeper
channels. The landslides that are observed in this area occur along relatively deeply
incised river channels. Few large retrogressive landslides were observed in this area;
however, the search was limited to those drainage features considered most likely (from
the topographic and geological maps) to yield landslides. It is possible that some
landslide features may exist in the uplands area in the northeast part of the map where
isolated deposits of marine sediments may exist among the bedrock hills.
2.4.4.4 Sheet 31H4 – Chateauguay, Québec
This map sheet is located south of Montreal, along the south shore of the Saint
Lawrence River. The town of Chateauguay is situated on the south bank of the Saint
Lawrence, directly south of the City of Montreal.
There are two dominant secondary drainages in this map area in addition to the Saint
Lawrence, as seen in Figure 2-76: the Rivière Chateauguay, which flows from
southwest to northeast across the west side of the map sheet; and, the English River,
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which drains the south-central part of the map area, connecting with the Rivière
Chateauguay near the Saint Lawrence. The eastern part of the map is generally poorly
drained and swampy, with Rivière L’Acadie carving through land that rises gently to the
south. There are bedrock outcrops throughout the southern part of the map; however,
the relief is less pronounced than in the uplands north of the Saint Lawrence.

Figure 2-76. Drainage features in NTS 31H4, Chateauguay, Québec.
There are no obvious landslides in the eastern part of the map sheet, where drainage
features tend to have low banks and generally low relief. Note that sections of these
creeks appear to be man-made, suggesting irrigation channels. The English River is
moderately deeply incised. There is some indication of small landslides; however none
are recent, and there is no indication of larger retrogressive landslides. The south end of
the Chateauguay River has moderate relief and wide, gently sloping banks that might be
suggestive of old landslide scars. No recent landslides are observed.
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This map area generally tends to have poor natural drainage, with both natural and manmade drainage channels generally having low banks. The area is bounded to the south
by emerging bedrock hills; however these have low relief in comparison with the uplands
north of the Saint Lawrence. There is very little evidence of landslide activity in the
photos reviewed for this map sheet except that there may be some small, old features
along the English and Chateauguay Rivers.
2.4.4.5 Sheet 31H11 – Beloeil, Québec

Figure 2-77. Drainage features in NTS 31H11, Beloeil, Québec.
This map sheet is located along the east side of the Saint Lawrence River, which
dominates the western part of the map. Several abandoned channels of the Saint
Lawrence are evident from the shape of the contours. Two lone, circular bedrock hills
(i.e. Monteregian Hills) emerge through the plains in the south-central area of the map.
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The Richelieu River, flowing south to north into the Saint Lawrence, drains an
abandoned channel of the Saint Lawrence, as seen in Figure 2-77. This river is
relatively large and generally straight, similar to, but larger than, the Yamaska River to
the northeast, which was previously discussed. The eastern side of the map has
numerous irrigation channels, suggesting poor natural drainage. The Rivière Salvail
drains the northeast corner of the map sheet through another abandoned channel,
flowing into the Yamaska River in sheet 31H15.
The terrain in this area is similar to that north of the South Nation River, where numerous
very large paleo-slides are observed along the abandoned river banks flanking paleochannels of the proto-Ottawa River; however, no large landslides are observed along the
abandoned river banks in this map sheet.
The Richelieu River is deeply incised, with similar morphology to the Yamaska River, but
with a much wider channel. There is no evidence of retrogressive landslide activity
along this river, in contrast with the Yamaska. Some small landslides are evident along
the Rivière Salvail, although the larger retrogressive landslides observed along this river
close to the Yamaska River, as discussed previously, are not observed in this map
sheet.
There is very little evidence of landslide activity in this map sheet, with the exception of
small features along the Rivière Salvail. This map sheet has generally gentle relief and
poor drainage.
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2.4.4.6 Sheet 31I2 – Yamaska, Québec (and parts of sheets 31I1 and 31I8)
This map sheet is located along the southern shore of the Saint Lawrence River,
immediately south of Lac Saint Pierre, which occupies the northwest corner of the map.
This map sheet includes the lower reach of the Yamaska River, downstream from the
area described earlier in the Chapter. The Yamaska flows from south to north, and
drains into Lac Saint Pierre just west of Grand Baie de Saint François, which has the
appearance of a flooded scar of a retrogressive landslide.
There are two other major drainage features in this map area, as seen in Figure 2-78:
the Rivière Saint François, which flows from southeast to northwest into Lac Saint Pierre
just east of Grand Baie de Saint François; and, the Nicolet River (and Southwest Nicolet
River, a major tributary), which drains the east side of the map. Rivière Saint François is
much larger than the Yamaska, and of similar magnitude to the Richelieu River, with a
very wide channel varying from about 200 m to 1 km in width. The Nicolet River is
smaller than the Yamaska River. Rivière Saint François is approximately perpendicular
to the Saint Lawrence, unlike the Yamaska and Richelieu Rivers, which are sub-parallel.
East of this map sheet, in parts of NTS 31I1 and 31I8, there are additional drainage
features of interest: the Bulstrode River, a tributary of the Nicolet River, and the Rivière
Bécancour, a larger river that drains directly into the Saint Lawrence across from Cap de
la Madeleine and Trois Rivières.
The north and south shores of Lac Saint Pierre are scalloped, suggesting the possibility
of multiple flooded craters of retrogressive landslides, as suggested by Lajoie (1974).
Some of the roads to the south of the lake are curved, running parallel with adjacent
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contour lines, indicating the presence of scarps which may suggest abandoned river
banks, lake shores or very large old landslides (or a combination).

Figure 2-78. Drainage features in NTS 31I2, Yamaska, Québec.
The lower reach of the Yamaska River adjacent to the Saint Lawrence River is less
deeply incised than further south, and there is no indication of large or retrogressive
landslides. The river crosses very gentle, low lying terrain as it approaches the Saint
Lawrence. The lower reach of the Saint François River where it approaches the Saint
Lawrence also has low banks crossing gentle terrain, and there is no evidence of large
landslides.
Sections of the South Nicolet River appear to be very active, with frequent small
landslides and a small number of larger retrogressive landslides. The main branch of
the Nicolet River has several active areas, including obvious old retrogressive landslides
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southeast of Saint Leonard d’Astou, which is off this map sheet to the east, plus several
old retrogressive landslides west of town. Note that this section of the Nicolet is
moderately deeply incised and tightly meandering, and it is somewhat smaller (i.e.
narrower channel) than the Yamaska. Further west, there are several scars of old
retrogressive landslides east and west of the town of Sainte Monique de Nicolet, as well
as indications of several smaller landslides.
The middle reach of the Southwest Nicolet River has several large old retrogressive
landslide scars, and this branch has similar morphology (e.g. relief, flow volume, degree
of meandering) to the main branch of the Nicolet. The Bulstrode River, which has similar
morphology to the Nicolet and Southwest Nicolet Rivers, also has some obvious old
retrogressive landslides.
The Nicolet and Southwest Nicolet Rivers converge about 1 km southeast of the town of
Nicolet. There are frequent scars of large old retrogressive landslides along the main
branch, and fewer scars along the Southwest Nicolet in this area, approaching Nicolet.
The south abutment of the railway bridge at Nicolet is built within the scar of a large old
retrogressive landslide.
The Rivière Bécancour has numerous scars of large retrogressive landslides from the
town of Bécancour to a few km west of Maddington Falls, where the river carves through
the Drummondville Moraine. There are no obvious landslides past Maddington Falls,
east of the moraine. The area near Raimbault, roughly 10 km southeast of Bécancour,
is riddled with landslide scars. Saint Wenceslas Creek, which is a minor tributary to the
Rivière Bécancour, is fairly small but deeply incised, and has some retrogressive
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landslides near its confluence with the Rivière Bécancour. There are also numerous
smaller, non-retrogressive slides along this creek.
In general, many of the larger drainage features in this map area are affected by both
small and large landslides, particularly those features that flow perpendicular to the Saint
Lawrence, thus having steeper overall gradients. Notable exceptions are the lower
reaches of the Yamaska and Saint François Rivers. The plains of the former Champlain
Sea are narrower in this area than south of the Saint Lawrence further to the east, so the
overall relief is slightly steeper, and surface drainage appears to be more efficient, with
fewer poorly drained areas. Incidence of landslides is somewhat higher in the vicinity of
the Drummondville Moraine, although very few landslides were observed in the marine
sediments east of the moraine, further removed from the Saint Lawrence.

2.5 GENERAL OBSERVATIONS AND DISCUSSION
A number of trends emerge when the observations of aerial photographs from various
parts of the former Champlain Sea are considered together. These are presented and
discussed in the following paragraphs.
Landslides tend to be more common in the northern part of the study area, north of the
Ottawa and Saint Lawrence Rivers. Where landslides are present south of the rivers,
the plains formed by deposition of marine sediments in the Champlain Sea tend to be
narrower, with somewhat steeper average grades, and more deeply incised drainage
features with high, steep banks. It might be suggested that mineralogy and/or texture of
the marine silts and clays would vary from north to south across the former Champlain
Sea, since surface waters flowing into the sea from the north would have carried more
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rock flour than those flowing from the south, due to glacial erosion of the bedrock. This
might prove to be a relevant factor in discriminating between high and low incidence of
landslides; however, it seems that physiography is a more important controlling factor,
since those areas south of the Saint Lawrence with similar terrain to landslide-prone
areas north of the river are similarly affected.
The lower frequency of retrogressive landslides in many areas south of the Ottawa and
Saint Lawrence Rivers tends to be associated with shallower channels, generally gentler
terrain, and inefficient drainage systems. These areas can sometimes be recognized by
the presence of swampy lowlands and/or the presence of man-made irrigation channels,
both indications of poor natural drainage.
All large landslides, including all retrogressive landslides, were observed along the
banks of watercourses. In many cases, and particularly in the case of the largest
observed (ancient) landslides, they occur along abandoned banks of paleo-channels of
the Ottawa and Saint Lawrence Rivers, or along abandoned terraces adjacent to these
rivers. No retrogressive landslides were observed at natural slopes that were not
associated with drainage courses.
In most cases, the landslide debris outside the crater has been removed by running
water at the toe of the landslide. In rare cases, a lobe of debris remains at the toe,
suggesting the absence of running water at the toe at the time of the event. This is the
case for some of the very large paleo-slides east of Ottawa. In some cases, the slide
debris remains as an island in the eroding watercourse downstream from the slide.

139

The presence of retrogressive landslides is strongly related to the size (i.e. flow volume)
and channel morphology of the drainage feature. Minor and intermediate drainage
features with low relief tend to show no evidence of landslide activity in the air photo
review. Minor drainage features with greater relief (i.e. more deeply incised channels)
tend to have numerous small landslides, but rare, if any, retrogressive landslides.
Intermediate drainage features with greater relief tend to have frequent large
retrogressive landslides. Note that these intermediate drainage features may pass
through different types of terrain, and landslide frequency will be highest where a deep
channel is carved through elevated plains, and retrogressive landslides will be absent
where the channel has less relief in lower lying plains. Major drainage features will
either have frequent very large retrogressive landslides (e.g. Rivière Saint Maurice near
Trois Rivières) or a complete absence of retrogressive landslides (e.g Richelieu River).
In these cases, presence/absence appears to be governed by the average gradient of
the river and depth of channel, similar to intermediate drainages.
The maximum size of retrogressive landslides appears to be related to the size of the
eroding watercourse. Massive ancient landslides are observed adjacent to major paleochannels of the proto-Ottawa River, and scarps suggestive of possible additional
massive paleo-slides are observed alongside the Saint Lawrence River. Smaller, but
still very large, retrogressive landslides are observed along the Rivière Saint Maurice
near Trois Rivières, which is one of the larger rivers draining into the Saint Lawrence.
The smaller rivers, which may have large complexes of multiple landslides, tend to have
smaller retrogressive landslides. The smallest drainages tend to have only small, nonretrogressive landslides.
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Since size and morphology of drainage features appears to control the incidence and
size of retrogressive landslides, it is interesting to consider the broader factors that
govern drainage patterns. In some areas, surface drainage appears to be strongly
controlled by underlying bedrock structure. Notable examples from this study include
the Yamaska and Richelieu Rivers, as well as the drainage features in the Saint Vallier
area. Further, the Ottawa and Saint Lawrence Rivers and Saguenay Fiord are also
associated with bedrock structure. In other parts of the study area, drainage patterns
are more random, suggesting a weaker relationship with bedrock structure, and thicker
overburden soils. Depth to bedrock influences the potential for landslides in a number of
ways (see Lefebvre 1996, and Rankka et al. 2004), as previously discussed.
Drainage patterns and channel morphology are also believed to be influenced by soil
texture and general relief, in addition to geological structure. For example, deeply
incised channels with little or no meandering, or tight meandering, might suggest clay
soils, whereas shallow channels and sweeping meanders are generally located on silty
or sandy soils.
Channel morphology and flow may also be related to the maturity, or stage of
development, of the drainage feature, as suggested by Lefebvre (1996). The potential
for large landslides is greatest for watercourses of intermediate age, where there is a
strong connection between underlying aquifers and the river resulting in upward
gradients at the toe of riverbanks. Thus, channel morphology and flow may be indirect
indicators of landslide potential in that they are a direct indication of maturity of the
watercourse.
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Presence of retrogressive landslides is more common along drainages that are
perpendicular to the Ottawa and Saint Lawrence Rivers, and less common along those
that are parallel or sub-parallel to these rivers. This is believed to be related to the fact
that perpendicular drainages will have shorter profiles and therefore steeper overall
gradients, and deeper channels. Steeper gradients result in more aggressive erosion,
and higher banks result in higher shear stresses in the banks, both of which would lead
to a greater chance of landslide occurrence.
Large clusters of retrogressive landslides north of the Saint Lawrence River, and
frequent large landslides south of the river, tend to be associated with the presence of
emerging bedrock hills or the Saint-Narcisse Moraine in the north, or the Drummondville
Moraine in the south. These features are sources of surface flow and groundwater
which is necessary for the leaching that increases sensitivity and for fluctuations in
groundwater pressures that may cause sudden stress changes and promote landslide
triggering.
In other areas, further removed from the bedrock or moraine uplands, landslide
occurrence is often associated with the presence of a sand cap overlying the marine clay
and silt. It is likely that intercalated sand layers, which would allow rapid groundwater
pressure fluctuations, may also be strongly associated with landslide occurrence;
however, these features cannot generally be interpreted from the air photos.
Retrogressive landslides tend to become inactive after the initial slide. The slide scarp is
rarely reactivated. The only obvious exceptions observed in this study were the
lakeshore landslides east of Desbiens, which appear to reactivate frequently over time.
In some very rare circumstances, new landslides are initiated within the crater of older
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retrogressive slides. This was the case for the 1971 Saint-Jean-Vianney slide, which
occurred within the scar of a much larger ancient landslide, but has been observed very
rarely elsewhere. Since large landslides tend to be associated with erosion, landslide
scarps would only be expected to remain susceptible to future landsliding if they
remained under attack by the eroding waterbody, as is the case along the lakeshore
near Desbiens, and as developed at Saint Jean Vianney after new drainage channels
developed within the larger ancient slide.
It is relatively common for new retrogressive landslides to occur immediately adjacent to
older landslides, and these tend to occur in clusters. This suggests that landslide hazard
may be greater near existing clusters of retrogressive landslides than in sections of
drainages currently unaffected by landslide activity.
The potential for future retrogressive landslides may not always be strongly linked to the
existence of older landslides in the area. In certain cases new landslides occur near
clusters of old landslides (e.g. South Nation River and Lemieux slides, and new landslide
in 1975 air photo near Saint Vallier); however, the massive landslide complexes
immediately south of the Saint Narcisse Moraine show very little evidence of recent
landslide activity. Therefore, some areas where large landslides are common may not
remain susceptible to future landslides.
Very little information is available to determine the temporal distribution of large
retrogressive landslides; however, none of the most massive landslides have occurred in
the period of historic observation, with the possible exception of the Saint-Jean-Vianney
paleo-slide. Further, a moderately large (i.e. roughly 3 million cubic metre) retrogressive
landslide occurs about once every 30 years, approximately, over the 15 to 20 km section
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of the South Nation River affected by landslide activity. Also, one of the fifteen
moderately large landslides near Saint Vallier occurred after 1949, suggesting a similar
frequency to that observed for the South Nation River.
Ground elevation may be a factor in landslide incidence and distribution. All of the large
features observed near Saint Vallier occurred at elevations between 30 and 40 m above
sea level. Landslide incidence along other affected watercourses tended to be more
pronounced at one end of the drainage than the other (e.g. further south along the
Yamaska River, and further north along Rivière du Loup). While proximity to bedrock or
moraine may be the more important factor, it is possible that there is a causative link
with ground elevation. Rankka et al. (2004) identified elevation as important, since
higher elevation implies greater time since rebound above water, and therefore greater
time for leaching and development of sensitive soils.
The elevation of landslide craters along the Yamaska River tends to be well above the
water level in the river. This may be an indication that these landslides are very old, and
that the river is more mature than it was at the time of the landslides, possibly
suggesting a reduced potential for instability, relative to potential at the time of these
landslides.
Most of the large, retrogressive landslides observed during this study, with the exception
of two landslides along the South Nation River, one landslide near Saint Vallier, and the
active landslides along Lac Saint Jean near Desbiens, appear to be very old, in most
cases likely pre-dating French colonization. This suggests that large landslides have
occurred over an extended period, rather than being concentrated in recent times.
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2.6 CONCLUSIONS
This Chapter has presented a detailed examination of physiography, drainage and
geology in relation to landslide occurrence throughout the study area, which has
included an air photo study for a number of selected areas across the study area. This
work has shown that a number of patterns link terrain features with landslide occurrence
or absence. These patterns lead to the following primary conclusions:
•

All large landslides in sensitive Champlain clay tend to occur along the banks of
existing or abandoned watercourses, and are not typically observed on other
types of natural slopes, including the scarps of old landslides;

•

Large retrogressive landslides only tend to occur along deeply incised drainage
features with high banks, and are more common along steeper (i.e. higher
gradient) rivers and streams. Smaller non-retrogressive slides can occur along
any drainage feature;

•

The presence of large landslides is related to the size of the drainage feature,
with landslides largely absent in very small or very large drainage features, and
more prevalent in intermediate size features;

•

The maximum size of large landslides appears to be positively correlated with the
size of the drainage feature;

•

Large landslides tend to be absent in low-lying, poorly drained areas that can
often be readily distinguished by the presence of swampy areas or man-made
irrigation channels;
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•

Large landslides are absent on the floodplain below the lowest terraces along the
Saint Lawrence and Ottawa Rivers; and

•

Large landslides occur almost exclusively in marine sediments or in alluvial soils,
which are believed to overlie marine sediments.

The observed patterns also lead to the following secondary conclusions:
•

Where large landslides are present south of the Saint Lawrence River, they tend
to be more common along bedrock controlled drainage features that are aligned
with faults or tilted bedding;

•

Landslides tend to occur above sedimentary rock or near the contact between
sedimentary and metamorphic rock;

•

Landslides appear to be more common where overburden soils are thicker;

•

Landslides tend to be more common north of the Ottawa and Saint Lawrence
Rivers than south;

•

Bedrock depth and structure are linked with landslide occurrence, but in a
complex way;

•

Retrogressive landslides are more common along drainage channels that are
perpendicular to the Saint Lawrence River than along those that are sub-parallel;

•

Large clusters of retrogressive landslides are associated with the presence of
emerging bedrock hills and the Saint Narcisse Moraine in the north, and the
Drummondville Moraine in the south;
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•

Landslide occurrence elsewhere is often associated with the presence of a sand
cap overlying the finer marine sediments;

•

New retrogressive flow slides tend to occur close to old slides, so that large
landslides appear in clusters;

•

Large retrogressive landslides tend to occur about every thirty years, on average,
in the landslide-prone areas of Saint-Vallier and the South Nation River; and

•

Landslide occurrence may be associated with elevation above sea level.

These relationships are used to guide the design of a GIS framework to develop a more
detailed understanding of landslide susceptibility in Chapter 6, and aid in an
understanding of landslide hazard and risk, particularly as they affect linear infrastructure
such as railroads, highways, pipelines and power transmission lines, as developed in
Chapter 7.
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Aerial Photographs:
Desbiens Area (Map sheet NTS 22D5):
A3087 (1930, low altitude) photos 35-49
A12479 (1950, 20,000’) photos 59-64, 75-81, 143-149
A13403 (1952, 20,000’) photos 57-70
A27442 (1986, 27,500’) photos 70-75
Yamaska River Area (Map Sheet NTS 31H15):
A5255 (1935, low altitude) photos 85-90
A5256 (1935, low altitude) photos 1-5
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A12804 (1950, 9,000’) photos 119-124
A12809 (1950, 9,000’) photos 212-216
A12811 (1950, 9,000’) photos 5-9
A13035 (1950, 9,000’) photos 220-224
A13036 (1950, 9,000’) photos 179-182
Saint Vallier Area (Map Sheet NTS 21L15):
A12323 (1949, 20,000’) photos 377-380
A21614 (1970, 18,000’) photos 5-8
A26562 (1984, 27,150’) photos 151-154
Maskinongé Area (Map Sheet NTS 31I3):
FA566 (1925, low altitude) photos 1002-1008
A18409 (1964, 18,500’) photos 26-28
A26561 (1984, 27,150’) photos 81-83
A26578 (1984, 26,000’) photos 73-75, 79-82, 108-112
Trois Rivières Area (Map Sheet NTS 31I7):
A18641 (1964, 18,500’) photos 96-101, 118-122
A21050 (1969, 13,000’) photos 63-66, 84-90, 115-120
A26607 (1984, 27,000’) photos 1-5
A26520 (1984, 27,150’) photos 34-37
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South Nation River (Map Sheets NTS 31G3 and 31G6):
A9556 (1945, low altitude) photos 117-119
A9615 (1945, low altitude) photos 15-17, 90-93
A10321 (1946, low altitude) photos 51-53
A10344 (1946, low altitude) photos 78-80
A10370 (1946, low altitude) photos 180-181
A23964 (1975, 18,700’) various photos
A23965 (1975, 18,700’) various photos
Map Sheet NTS 31C16 (Perth/Smiths Falls Area):
A5899 (1925, 1” = 1250’) photos 9-20, 48-51
Map Sheet NTS 31H13:
A26523 (1984, 27,150’) photos 78-88
A26579 (1984, 27,150’) photos 12-20
Map Sheet NTS 31H4 (Chateauguay):
A26521 (1984, 27,150’) various photos
Map Sheet NTS 31H11 (Beloeil):
A26516 (1984, 27,150’) photos 89-95, 183-199, 226-227
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Chapter 3
A Digital Inventory of Landslides in Sensitive Clay
This Chapter is modified from text published in the following two papers:
Quinn, P.E., Hutchinson, D.J. Diederichs, M.S., Rowe, R.K., Harrap, R., Alvarez, J.
2007b. A Digital Inventory of Landslides In Champlain Clay, Proceedings of the 60th
Canadian Geotechnical Conference, Ottawa, 713-720.
Quinn, P., Hutchinson, D.J., Diederichs, M.S, Rowe, R.K. and Alvarez, J. 2008.
Susceptibility mapping of landslides in Champlain clay from a digital landslide
inventory. Proceedings of the 4th Canadian Conference on Geohazards, Quebec
City, 469-476.

3.1 INTRODUCTION
Landslide hazard mapping can benefit from the availability of a detailed landslide
inventory within a geographical information system (GIS). No detailed digital inventory
presently exists for landslides in the sensitive Champlain clays of eastern Canada. This
Chapter documents preliminary efforts to create such an inventory for part of the study
area, with a discussion of challenges and limitations affecting the work, project
methodology, and findings from the work. The Chapter closes with a discussion of
applications for the new digital inventory.

3.2 CHALLENGES AND LIMITATIONS
The work to compile a comprehensive landslide inventory for manipulation and analysis
in GIS is affected by a number of factors, including:
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•

Size and diversity of geology and physiography of the study area;

•

Availability of appropriate data;

•

Resolution of available visual data;

•

Consistency of available data; and

•

Limited historical record and landslide age information.

The post-glacial Champlain Sea that existed from about 12,000 to 9,500 years before
present (Parent and Occhietti 1998) occupied a substantial area in eastern Canada.
The approximate marine limit is illustrated in Figure 3-1.

Figure 3-1. Project study area.
The subsequent sections will illustrate that the development of a landslide inventory for
this study area relies on various data sources, including the literature, aerial
photographs, satellite imagery, and digital elevation models (DEMs).
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A large number of individual landslides and groups of landslides in Champlain clay have
been documented in the literature, and this information serves as a useful starting point.
However, the nature of the development of the literature database is such that only
selected areas have been studied, and only certain areas where there have been
numerous or notable landslides have been described in the literature. Therefore, while
there are many landslides documented across the Champlain Sea study area, the record
may not reflect a true snapshot of the actual extent of landslides. The literature is
therefore a good starting point for this database, but is not necessarily representative of
average or typical conditions across the study area.
The data available for visual interpretation include air photos, satellite imagery and
various representations of DEMs. The resolution of these sources limits the size of
resolvable features. The elevation of air photo flights, and associated scale and
resolution, varies across the study area. This may produce a bias due to systematic
censoring of smaller features in areas where only smaller scale photos are available.
Similarly, available DEMs, at 30 m and 90 m resolution, while useful for visualizing
terrain, are of limited use for identifying existing landslides, except for the largest ones.
Features with a minimum dimension smaller than about 100 m are generally not
resolvable in the available small scale DEMs.
Some data, while available across the full study area, are not consistent across the
study area. The Canadian Digital Elevation Data (2000) Level 1 DEM (CDED1) at 30 m
resolution has been prepared by interpolating elevations from contour lines on
topographic maps, resulting in an averaging, or smoothing, of true elevation data, and
thus eliminating some finer topographic detail. Nevertheless, this DEM has been of
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considerable use in the present work. However, there are subtle differences across the
study area in the way the original data were interpreted to create the topographic
contours, and there are therefore subtle differences in the relationship between actual
topography and that represented by the DEM. There may therefore be systematic
biases across the study area in any interpretation that relies on the DEMs.
Very little information is available regarding the age of observed landslides. A relatively
large number of historic landslides are known to have occurred on a certain date, and a
smaller but still substantial number of pre-historic landslides have radiocarbon ages or
have been dated by other techniques (e.g. tree ring dating or pollen analysis). However,
the number of landslides with known ages remains a very small proportion of the total
number of landslides, most of which occurred prior to European settlement in the area,
or occurred in sparsely populated areas, making observation less likely.
In spite of these challenges, and the resulting limitations in applicability of the database,
the construction of the digital database represents a significant advance, and supports
geo-spatial analysis of relationships between terrain features and landslide occurrence,
thus supporting the development of a regional approach to hazard mapping in this area.

3.3 REVIEW OF THE LITERATURE
Hodgson (1927) presented the earliest inventory of historic landslides in Quebec,
documenting nine events that occurred between 1840 and 1925. Fransham and Gadd
(1977) prepared seventeen 1:50,000 geological maps showing large landslides in the
Ottawa area. Chagnon (1968) presented a summary landslide inventory for Quebec,
and La Rochelle et al. (1970) provided detailed mapping of three small selected regions
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in Quebec described more generally by Chagnon (1968). A large number of other
papers document individual landslide events (e.g. Tavenas et al. 1972) or describe
terrain that has been modified by landsliding (e.g. Karrow 1972).

Figure 3-2. Landslide data interpreted from available literature (landslide features
obtained from approximately 50 references - see text for details).
Landslide data from all identified literature sources, which consists of approximately 50
journal papers and several maps, have been transcribed into a GIS where they can be
visualized and their occurrence or absence can be associated numerically with other
geospatial features (e.g. slope angle, surficial geology). In some papers, landslide
locations have been identified only as a point on a map. In others, landslide footprints
have been illustrated as polygons. In most cases, the landslide scarps have been
illustrated, so that the feature has been transcribed into GIS by a polyline. The digital
database therefore includes point, line and polygon landslide features.
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Figure 3-2 shows the distribution, across the study area, of landslide data available from
the literature. Figure 3-3 illustrates the data available from several different sources in
one selected area. These landslide data in Figure 3-3 have been obtained from Demers
et al. (1999), Karrow (1972), Lajoie (1974), and Desjardins (1980). Additional landslide
features interpreted from several air photos (not intended as a thorough representation
of landslides visible in air photos in the area) are also shown. The very large scalloped
series of scarps around Lac Saint Pierre were suggested by Lajoie (1974) to be
landslide scarps.

Figure 3-3. Landslides near Lac St. Pierre, Shawinigan and Trois Rivières, from various
sources.
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3.4 COARSE PRELIMINARY INVENTORY FROM A DIGITAL ELEVATION
MODEL
An initial appreciation of physiography can be obtained rapidly from various
interpretations (e.g. hillshade or slope angle) of DEM elevation data. Some landslides,
namely those with pronounced scarps and a footprint sufficiently large in relation to the
DEM’s resolution, can be visualized with the DEM. A DEM that covers the entire study
area may therefore be used to identify large landslide features on a regional basis. It is
important to note, however, that most landslides in Champlain clay are too small to be
resolved by interpretation of available DEMs. This approach is therefore only suitable
for locating very large features.

Figure 3-4. Visualization of individual landslide features from the Level 1 DEM. Dark
colours represent steep grades (close contours).
Two DEMs have been used in this work: the CDED1 DEM, and the Shuttle Radar
Topography Mission DEM (SRTM 2000). The CDED1 DEM is available at 30 m pixel
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resolution. The SRTM DEM is available with 90 m pixel size; however, each pixel
represents a true average elevation, and thus some topographical nuances that have
been lost in the Level 1 DEM may be seen in this DEM despite lower resolution. These
two DEMs have therefore been used to complement each other in this work.

Figure 3-5. Approximate distribution of large possible landslide features throughout the
study area.
The two DEMs have been used to compile a preliminary coarse inventory of possible
large landslide features. Figure 3-4 illustrates large landslides along the South Nation
River, eastern Ontario, as visualized in a slope angle model of the Level 1 DEM. Figure
3-5 illustrates the general distribution of possible large landslide features throughout the
study area. It is important to note that landslides with a minimum dimension of about
100 m or less are systematically eliminated from this coarse inventory, so the results
should be interpreted with caution. It is also noted that the coarse inventory includes all
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large features that resemble large landslide scarps, and may include non-landslide
features resulting from wave erosion, as an example. Additional ground truthing via air
photo analysis or site reconnaissance is required to confirm the validity of this coarse
inventory.

3.5 DETAILED INVENTORY FROM AERIAL PHOTO ANALYSIS

Figure 3-6. Landslides in the Yamaska River area of Quebec as determined from air
photo analysis.
The final inventory draws most heavily from a methodical review of available aerial
photographs. The distribution of landslides along the Yamaska River in Quebec, as
determined from air photo analysis, is illustrated in Figure 3-6. This interpretation
compares well with a similar interpretation by La Rochelle et al. (1970). By contrast, the
landslides mapped by La Rochelle et al. (1970) in the Saint Vallier and Desbiens areas
of Quebec represent only a small proportion of the landslides evident in the air photo
166

record, as illustrated in Figure 3-7 and Figure 3-8, which show the literature and air
photo records, respectively, of large landslides near Saint-Vallier.

Figure 3-7. Landslides near Saint-Vallier, Quebec per La Rochelle et al. (1970).

Figure 3-8. Landslides near Saint-Vallier from air photos.
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3.6 LANDSLIDE CLASSIFICATION SYSTEM AND DESCRIPTIONS
Additional contextual information can be linked to each landslide feature in the GIS.
Basic geometric data such as approximate area, length and width has been associated
with each feature obtained from the literature or identified through air photo
interpretation. Additionally, the source of the data (e.g. air photo number or reference
paper) can be identified. Finally, landslides can be classified based on aspect ratio (e.g.
L/W – see Figure 3-9).

Figure 3-9. Landslide dimensions and aspect ratio classification system.
Class 1 retrogressive landslides have an aspect ratio L/W < 1. Class 2 and 3 landslides
have aspect ratios L/W ~ 1 and L/W > 1, respectively. Class 4 landslides are classified
separately, and have an outlet with smaller width than the maximum width of the
landslide scar. These landslides are of the “bottleneck” type. Examples of Type 1
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include Saint-Boniface (Bégin et al. 1996) and Rigaud (Carson 1979). The South Nation
River Slide of 1971 (Eden et al. 1971) is a Type 2 landslide. The Lemieux Slide of 1993
(Evans and Brooks 1994) is an example of a Type 3 landslide. The Saint-Jean-Vianney
(Tavenas et al. 1971) and Saint-Thuribe (Hodgson 1927) slides are typical Type 4,
bottleneck slides.
The proposed classification system is an extension to that proposed by Carson (1977),
which related the maximum width of the landslide scar to the width at the outlet of the
landslide. That system reflects the degree to which the landslide has a “bottleneck”
shape. The present system is a more general shape classification, and is believed to
relate to the degree of flow in a retrogressive landslide in sensitive Champlain clay.

3.7 A DIGITAL INVENTORY OF LANDSLIDES IN CHAMPLAIN CLAY
3.7.1 Development Process
The first major step involved compilation and digitization of landslide data from the
literature, as described previously. These data represent a snapshot of the distribution of
landslides across the study area, but a biased one, since the literature generally
describes only notable landslides, with few exceptions.
A very small fraction of the total landslide inventory is represented in the literature, which
also includes two paper-based inventories: one for the area around Ottawa (Fransham
and Gadd 1977), and one for the Province of Québec (Chagnon 1968). The Ottawa
inventory appears to be very detailed and complete, but only covers the western end of
the study area, and is not available in digital form. The Quebec inventory includes only a
limited number of illustrations of known landslides in Quebec. There are therefore
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significant gaps in publicly available landslide inventory data. It was therefore necessary
to study digital terrain models and aerial photographs to construct a more complete
inventory.
The Québec government is actively working on landslide hazard mapping at large scale
for selected communities. This work was initiated in the 1980s following the procedure
outlined by Lebuis et al. (1983), and continues today following the procedure outlined by
Gouvernement du Québec (2005). The primary difference between that work and the
present research is the scale of study; this work examines landslide distribution and
susceptibility at the regional scale, rather than local scale, for the purpose of prioritizing
further detailed study at selected areas within the larger study area.
An initial reconnaissance-level inventory was completed using various interpretive
scenes (e.g. hillshade, slope angle) from available digital elevation models covering the
study area (Canadian Digital Elevation Data 2000 and Shuttle Radar Topography
Mission 2000). This reconnaissance survey revealed a large number of potential large
landslide features; however, smaller features (i.e. width less than about 100-150 m) or
more subtle features (i.e. less pronounced scarp) were likely missed, leading to an
underestimate of landslide incidence in the DEM-based inventory.
Aerial photos (National Air Photo Library 1994) were then used to compile a more
detailed inventory of possible landslide features in a representative section of the study
area – NTS 31H (Figure 3-10). The inventory work was completed at medium scale
(1:50,000) for two reasons: this scale of photography is widely available for the entire
study area; and, larger scale photos are only available for selected areas, and not at
consistent scales. Use of 1:50,000 scale photos limits the inventory to features with a
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minimum width of about 50-80 m (varies with photo quality), which therefore excludes
many small features, but generally captures most of the more important large
retrogressive landslides.

Figure 3-10. Aerial photo inventory area – NTS 31H.
3.7.2 Results
The landslide database includes a total of 2649 possible landslide features in NTS 31H.
These features have been subdivided into the following categories:
1 – probable retrogressive landslide;
2A – arcuate scarp; possible abandoned river meander, more likely retrogressive
landslide;
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2B - arcuate scarp; possible retrogressive landslide, more likely abandoned river
meander;
3 – subtle indication of possible very old retrogressive landslide;
4 – arcuate scarp associated with episodic minor landslide and/or erosion
activity; and
5 – arcuate scarp along the Saint Lawrence River, possibly associated with large
retrogressive landslide, or alternatively a river erosion feature.
For the purposes of analysis, types 1, 2A and 3 have been grouped as probable
retrogressive landslides. This sub-group includes a total of 1259 features (~ 48% of all
possible landslide features). The remaining features are more likely, on the whole, to
not be retrogressive landslides, and some may not be landslides at all, since it is not
always possible to distinguish certain river erosion features (e.g. abandoned meanders)
from the scarps of old landslides when working at 1:50,000 scale. For present purposes,
Type 5 features have not been included with the probable retrogressive landslides. This
likely excludes a number of very large retrogressive landslides; however, further study is
required to properly distinguish these large features along the Saint Lawrence River.
Figure 3-10 and Figure 3-11 illustrate the extent of the aerial photo survey (i.e. NTS
31H) and the general distribution of probable landslide features throughout the area.
Figure 3-12 presents a larger scale view of part of NTS 31H to illustrate the distribution
of landslide features along the middle reach of the Yamaska River, which has a high
spatial density of landslides. Probable retrogressive landslides are shown in red and
other features are shown in black in Figure 3-11.
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Figure 3-11. General distribution of all observed landslide features within NTS 31H.

Figure 3-12. Detailed view of landslide distribution along a section of the Yamaska
River.
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3.7.3 Statistical Characteristics of the Inventory
Plots of size (i.e. surface area) versus frequency for all interpreted landslide features and
for probable retrogressive landslides are presented in Figure 3-13. Note that there is an
observed “roll over” with frequency decreasing below a certain size. This may represent
a real aspect of landslide size distribution, but may be influenced in large part by the limit

Landslide Frequency (count)

of resolution of the air photos.
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Figure 3-13. Frequency distribution of landslide size by surface area.
The most common size of landslide feature is on the order of about 2-3,000 m2 for all
landslide features, and roughly 4-6,000 m2 for the retrogressive landslides. If one
projects the trend lines to cross the horizontal axis, it appears that the largest single
landslide in this part of the study area would be expected to be on the order of
2 x 106 m2, or roughly 200 ha. This is approximately one order of magnitude larger than
the Saint-Jean-Vianney landslide of 1971 that killed 31 people, and the same order of
174

magnitude as the Saint-Alban slide of 1894 (Wilson and Mackay 1919) or the older
Saint-Jean-Vianney landslide of 1663 (Leggett and LaSalle 1978). The largest
retrogressive landslide observed in NTS 31H, as represented by the green triangle near
the right end of the x-axis in Figure 3-13, is shown on Figure 3-12 along the Yamaska
River.
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Figure 3-14. Frequency distribution of orientation of the landslide openings.
Figure 3-14 shows the distribution of orientation of the openings of landslide craters. It
can be seen that there are four dominant modes: zero (or 360), 120, 180-195, and 270285 degrees. These four modes reflect the most common orientations of landslide
features. Since most landslides open in the direction of an adjacent watercourse (e.g.
as illustrated in Figure 3-12), it follows that these modes are perpendicular to the most
common directions of the associated streams affected by landslides. This suggests that
landslides tend to be more common along watercourses that run east-west and north-
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south (approximately). Note that there are strong relationships between drainage
characteristics and the structure of the underlying bedrock; however, a discussion of this
factor is outside the scope of the present Chapter.

Surficial Soils versus Landslide Occurrence
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Figure 3-15. Frequency distribution of landslides by surficial soil type.
Landslides in the study area are expected to occur, generally, in the marine silts and
clays deposited in deep, calm water and subsequently altered by uplift, erosion and
leaching. Figure 3-15 shows the frequency distribution of soil types associated with
landslides in comparison with the total area represented by each soil type within NTS
31H (i.e. “average” conditions for each soil type, which represents the total area of each
soil type divided by the total map area). The most common soil types, which are
interpreted from Natural Resources Canada (1994) are till (moraine), marine deposits
(which includes marine silt, clay and sand) and alluvial deposits. Landslides are underrepresented, on a per unit area basis, in the till deposits (both moraine and veneer),
absent in bog deposits, and significantly over-represented in the marine deposits. There
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is therefore a clear, anticipated relationship between soil type and landslide incidence at
the scale of available geological mapping (1:1,000,000).
It has been suggested (e.g. Rankka et al. 2004, Lefebvre 1996) that there are
relationships between the thickness of overburden soils (or more precisely, the depth to
underlying bedrock) and the incidence of landslides in sensitive clay. Figure 3-16
presents the frequency distribution of landslides in relation to the thickness of
overburden soil, in an effort to explore this possibility. Soil thickness data were
interpreted at the location of each landslide feature from Natural Resources Canada
(2004) and Couture and Gauvreau (2006). Again, “average” conditions in the Figure
represent thickness distribution for the whole map area.
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Figure 3-16. Frequency distribution of landslides by thickness of overburden soils.
It is evident that landslide features are more common at intermediate overburden
thickness, and are absent or under-represented at very small or large thicknesses, when
compared with the average distribution of thickness throughout the study area. Note
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that overburden thickness varies from zero to 168 m throughout the study area, but
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landslides are most common where overburden ranges between about 10 to 40 m.
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Figure 3-17. Frequency distribution of landslides by ground elevation above sea level.
Rankka et al. (2004) have also suggested a relationship between ground elevation and
incidence of landslides in sensitive clay. This possibility has been explored by obtaining
the elevation of the scarp for each landslide feature and comparing the landslide
elevations to elevations throughout the study area, where elevation above sea level is
interpreted from Canadian Digital Elevation Data, Level 1 (2000). As shown in Figure
3-17, there are at least three elevation ranges where landslide features tend to be more
common, out of proportion with the average elevation conditions: 20, 30 and 40 m
above sea level. By contrast, landslides are under-represented, when compared with
average conditions, at most other elevations. One might postulate that the dominant
elevation modes are associated with specific geological conditions, associated with
different stages of deposition. In fact there are extensive alluvial terraces east of
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Montreal at typical elevations of about 35 m (Natural Resources Canada 1994). This
may be an explanation for the pronounced decrease in landslide incidence between 30
and 40 m in Figure 3-17.
The preliminary review of aerial photos for selected locations within the overall
Champlain clay study area in Chapter 2 (Quinn et al. 2007b) suggests that there are
relationships between the nature of drainage features and the incidence or absence of
landslides. In particular, landslides tend to be associated with rivers of intermediate
width or flow and with deep channels. Lefebvre (1996) suggests that retrogressive
landslides tend to be more common along rivers of intermediate age, and are less
common along young and fully established drainages. Bjerrum et al. (1969) suggest that
the occurrence of landslides along rivers through sensitive clay areas can be related to
the gradient and flow in relation to a stable condition for a river with similar
characteristics. It has therefore been decided to explore characteristics of the drainage
systems and attempt to relate them to the occurrence of landslides in the study area.
The first characteristic that has been explored is stream order, which is expected to
correlate with stream flow volume. Figure 3-18 illustrates the meaning of stream order.
First order streams are the youngest streams at the outer reaches of the drainage
system. Where two first order streams merge, the resulting stream is second order. The
Yamaska River, which is known to have a high density of large landslides and is the
largest feature in Figure 3-18, is eighth order along much of its length. Note that fourth,
fifth and seventh order streams are absent from this small part of the study area, but are
present elsewhere. The Saint Lawrence River is a ninth order stream. Note that this
interpretation is generated within GIS based on an interpreted stream network obtained
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from a digital elevation model (from Canadian Digital Elevation Data, Level 1, 2000).
This interpreted stream network is very similar to the actual stream network, with some
minor differences, particularly for the lower order streams.

Figure 3-18. Interpreted stream network showing stream order.
Figure 3-19 illustrates the relationship between interpreted stream order and interpreted
flow accumulation, which is also generated within the GIS. The flow accumulation
values represent the total surface area that is calculated to direct its overland flow to any
given point on the map. This value may differ from actual flow, depending on differences
in runoff and infiltration, which could vary with soil type, vegetative cover or other factors.
The relationship, which is plotted in log-log space, shows a linear trend, however with
scatter and overlap in calculated flow between adjacent order values. Nevertheless,
there is a trend for calculated flow to increase with increasing value of stream order.
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Figure 3-19. Relationship between calculated flow accumulation and interpreted stream
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Figure 3-20. Relationship between calculated flow accumulation and observed annual
average streamflow.
Stream flow data were obtained from Ministère du Développement durable, de
l’Environment et des Parcs (2007) for 21 permanent stream flow monitoring stations, and
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compared with GIS-calculated flow accumulation. There is a very strong correlation
between observed mean annual flow and calculated flow accumulation, as illustrated in
Figure 3-20. These results suggest that interpreted flow accumulation may be used as
an estimate for mean annual flow with confidence, and that interpreted stream order is a
reasonable surrogate for stream flow.
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Figure 3-21. Landslide density versus interpreted stream order.
The order of the nearest adjacent stream has been obtained for each landslide feature,
and the results are summarized in Figure 3-21. To do this, a buffer was first created
along each drainage feature of third or higher order, extending 500 m to either side.
Next, the number of landslides was determined within all buffers for each stream order.
Finally, the number of landslides within the stream order buffers was divided by the total
surface area to obtain a density of landslides per unit area for each order. It can be
seen in Figure 3-21 that landslide density is high for streams with order 5 to 8, low for
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order 4, and very low for streams of order 3 and 9. Landslide density is also very low
outside the stream buffers, which includes all lands not located within 500 m of a third
(or higher) order stream. These findings tend to agree with Lefebvre (1996) who
suggested retrogressive landslides are more common along intermediate drainages, and
less common along young (less developed) or older (fully developed) watercourses.

3.8 LANDSLIDE FREQUENCY DATA
The preceding sections have described an analysis of the spatial distribution of large
landslides in Champlain clay. Temporal distribution is another significant component of
the hazard, and an understanding of frequency of occurrence of past landslides is a key
to understanding the future frequency, and associated seasonal and annual probability
of occurrence.
Large landslides in Champlain clay in Quebec occur throughout the year, being most
common in April/May, with a secondary peak in activity in October/November (Lebuis et
al. 1983). Those authors’ analysis of available data in relation to observed river levels
and calculated infiltration and evapo-transpiration suggests a strong link between river
erosion and landslide incidence during these two periods of pronounced activity.
The use of historic and pre-historic landslide occurrence to interpret landslide frequency
is hampered by the factors discussed previously. However, Lebuis et al. (1983) suggest
that, based on available records from historical observations and the limited known
dates of pre-historic events, large landslides tend to be clustered in time. For example,
a number of very large ancient landslides east of Ottawa have radiocarbon dates close
to 4500 years before present, and have been suggested by Aylsworth and Lawrence
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(2003) to have been triggered by a single large earthquake. Similarly, several large
landslides have been connected to the 1663 Charlevoix earthquake. These include very
large scars around the 1971 Saint-Jean-Vianney slide (Leggett and Lasalle 1978), very
large scars near Shawinigan (Desjardins 1980), a series of landslide scarps along the
Rivière du Gouffre (Filion et al. 1991), and a large landslide at Saint-Joseph-de-la-Rive
(Quilliam and Allard 1989).

3.9 APPLICATIONS FOR THE INVENTORY
The ultimate purpose for this landslide inventory is to support the development of
landslide susceptibility and hazard maps that can be used by land and infrastructure
managers to assess and manage landslide risk.
Earlier work (Quinn et al. 2007b) presented a number of patterns linking geospatial
features with the absence or occurrence of landslides in Champlain clay based on
preliminary air photo analysis. Those patterns, supported by the additional statistical
trends obtained in this Chapter, can be used in GIS to develop a preliminary appraisal of
landslide susceptibility across the study area. That subsequent work is described in
Chapter 6.

3.10 CONCLUSIONS
The preceding sections support the following general conclusions:
•

The existing spatial and temporal landslide distribution data in the literature is
useful to inform the present study, but insufficient to support the development of
susceptibility and hazard maps;
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•

Available digital elevation models can support the development of a coarse first
inventory of large landslides in the study area; however, the inventory is limited to
very large features, missing most large landslides and probably misidentifying
many features; and

•

Detailed terrain analysis through air photo interpretation has allowed the
development of a digital inventory of large landslides in part of the study area (i.e.
NTS 31H), and this inventory has the following basic properties:
o

2648 potential large landslides have been identified. Of these features,
1259 are believed to most probably represent large landslides, and the
remaining features are more likely associated with other
geomorphological processes,

o

The most common size of probable large landslide features is 4-6,000 m2,

o

The largest probable landslide would be expected to be on the order of 2
x 106 m2 in NTS 31H,

o

The aspect (i.e. direction of the outlet of the landslide crater) of large
landslides reflects regional drainage patterns, which may reflect regional
bedrock structure,

o

Large landslides in the study area tend to be most common in areas with
marine soils, and are absent in bog deposits and relatively uncommon in
till deposits,

o

Large landslides are most common where the thickness of overburden
soils is between 10 and 40 m,
185

o

Large landslides are most common at ground elevations of 20, 30 and 40
m above sea level, and

o

Large landslides are most common along drainage courses of
intermediate size, with stream order between 5 and 8.
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Chapter 4
A New Model for Large Landslides in Sensitive Clay Using a
Fracture Mechanics Approach
This Chapter has been slightly modified from a paper submitted for consideration by the
Canadian Geotechnical Journal as follows:
Quinn, P.E., Diederichs, M.D., Rowe, R.K. and Hutchinson, D.J. 2009a. A new model for
large landslides in sensitive clay using a fracture mechanics approach. Submitted
to Canadian Geotechnical Journal, November 2008.
This Chapter also includes some information that was published in the following
conference paper:
Quinn, P.E., Diederichs, M.D., Hutchinson, D.J., and Rowe, R.K. 2007b. An exploration
of the mechanics of retrogressive landslides in sensitive clay. Proceedings of the
Canadian Geotechnical Conference, Ottawa, 721-727.

4.1 INTRODUCTION
Large landslides in sensitive clay are often described as being retrogressive. This idea
is embedded in the literature and in practice, having been first introduced by Bjerrum
(1955). This Chapter proposes an alternate hypothesis that some or all of these large
landslides begin to move after the failure surface is essentially fully formed. The style of
movement, which appears to be retrogressive, instead reflects the surface expression of
the rearward-advancing disruption of a slowly moving monolithic slab as it translates
horizontally over a growing zone of liquefied clay. The final extent of the landslide is pre-
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determined by the extent of the failure surface (i.e. continuous weak zone) that had
developed prior to the first significant movement.
This Chapter uses the science of fracture mechanics to show that this alternate
mechanism is a plausible explanation for the development of these large landslides. In
making this argument, the Chapter presents the following main ideas or concepts:
•

The development of a continuous failure surface, and a priori establishment of
the full extent of the landslide, before significant movement of large
“retrogressive” landslides in sensitive clay;

•

The use of fracture mechanics principles, as first applied by Palmer and Rice
(1973) for landslides in London clay, to explain the development of progressive
failure in sensitive clay;

•

The re-interpretation of novel test data presented by Tavenas et al. (1983) to
develop stress-strain and stress-displacement curves for sensitive clay
connecting known small strain behaviour with known large strain behaviour;

•

The presentation of a new definition for brittleness of sensitive clay in relation to
its potential for propagation of failure;

•

The interpretation of potential for propagation of progressive failure for a variety
of sensitive clays with similar sensitivity but brittleness values ranging by two
orders of magnitude; and

•

The development of an analytical estimate for the potential length of large
progressive landslides in sensitive clay.
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It is important to understand the mechanics of these large landslides in order to know
what to look for (e.g. specific subsurface conditions, indications of river erosion) when
trying to determine where they are more or less likely to occur in the future. This is
essential in order to understand landslide susceptibility, hazard and risk, which enables
the development of rational risk management plans. This Chapter first describes the
conceptual model and then provides supporting justification.
The model described in the following section almost certainly applies to large landslides
in sensitive clay that manifest themselves as lateral spreads. The morphological
evidence for this mechanism appears to be very clear in those cases. The writer
believes that the model most likely also applies to large landslides in sensitive clay that
manifest themselves as flow slides; however, the morphological evidence is less clear,
and so the writer recognizes the possibility that some other mechanism may act in those
cases.

4.2 MECHANICS OF RETROGRESSIVE LANDSLIDES IN SENSITIVE CLAY:
PROPOSED MODEL
4.2.1 Introduction
One commonly accepted model for development of large landslides in sensitive clay is
illustrated in Figure 4-1. In this “retrogressive” model, an initial small landslide occurs at
the bank of a river. This initial landslide leaves an unstable scarp, resulting in a
subsequent rotational slump due to the sudden shock of the first landslide. Numerous
additional rotational landslides follow until the failure has retrogressed to a stable
position. This model reflects retrogressive development of the landslide, in that the
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failure advances retrogressively away from the bank until a stable position has been
reached. That particular model represents an early advance in the state of knowledge,
and has been updated by several authors, most including some element or retrogressive
rotational slumping. Mitchell and Markell (1974) proposed an advancing yield front
behind the current scarp.

Mollard and Hughes (1973) proposed nearly simultaneous

liquefaction beneath the entire landslide, followed by subsidence and lateral spreading of
the upper un-liquefied slide mass. Odedstad (1951) suggested that retrogression
occurred as a series of active failures involving tensile rupture, rather than rotational
shearing. Mitchell and Klugman (1979) proposed a model with distinct stages, including
initial slips, rotational flowsliding, and extrusion flow. Carson (1977) advanced
Odenstad’s model and presented a mathematical basis for the development of horst and
graben style ribs and ridges within the slide mass.

Figure 4-1. One traditional model for development of retrogressive landslides in sensitive
clay (adapted from Bjerrum, 1955).
The new model takes significant inspiration from Skempton (1964 and 1985), who
showed that slopes comprised of brittle materials (e.g. London clay) could fail
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progressively, with stability controlled by residual, rather than peak, strength. It also
takes inspiration from Bernander (2000) and Andresen and Jostad (2002), who showed,
through analytical and numerical modelling, that progressive failure was the likely
mechanism for some landslides in sensitive clay. This new model was first introduced
by Quinn et al. (2007b), and is explained and supported in more detail in the present
Chapter.
This model proposes that, in many cases of large landslides in sensitive clay,
development is not retrogressive, strictly speaking. The apparent retrogression is rather
considered to reflect the translation, subsidence and disruption of a slowly moving
monolithic slide mass over a developing zone of liquefied clay. This developing
disruption begins at the free face where there is least constraint, and advances rearward
toward the ultimate headscarp. The model is described in greater detail in the following
sub-sections.
A typical retrogressive landslide in sensitive clay is shown in Figure 4-2. This landslide
exhibits a typical rib and ridge “thumbprint” morphology, with alternating long darker and
lighter strips of ground having been torn away from the gentle clay plains adjacent to the
South Nation River which flows from left to right in the aerial photograph. The darker
strips are earth grabens (i.e. ribs) with the existing vegetation preserved on the ground
surface. The lighter strips are exposed clay horsts, and are often observed as triangular
ridges or pyramidal pinnacles with preserved horizontal bedding (Carson 1977). The
earth ribs are often tilted, but careful examination indicates such tilting is random, rather
than consistently back-tilting, which would be indicative of rotational failure.
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Figure 4-2. Typical retrogressive landslide in sensitive clay – the South Nation River
slide of 1971.
4.2.2 Initial Development a Continuous Weak Zone
A key component of the proposed model is that prior to any observable landslide
movement, a continuous weak zone is formed in the location of the ultimate failure
surface, thus defining the approximate location of the ultimate headscarp before any
significant movement begins. This weak zone develops progressively via propagation of
brittle failure. This can happen quite slowly (i.e. geological time scales) due to seasonal
fluctuations in loading at the toe (e.g. erosion, river level fluctuations and associated
rapid drawdown) causing a small increment of failure each year, or very rapidly, due to
liquefaction of a silt or sand layer due to an earthquake, pile driving, blasting, or some
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other sudden shock. Once this continuous weak zone has formed, the slope is
marginally stable, subject to general failure following some additional small perturbation.
This weak zone would be continuous, or could be a series of stepped zones passing
through different brittle/weak layers.
The development of the continuous weak zone is illustrated conceptually in Figure 4-3,
which shows three potential modes of development: inward, or upward propagation from
a perturbation at the river bank (case 1); downward propagation, toward the river bank,
from a load well back from the river, such as construction of a road embankment (case
2); or, instantaneous development due to widespread liquefaction of a loose silt layer
due to transient loading such as strong earthquake shaking (case 3).

Figure 4-3. Development of the continuous failure surface by different mechanisms
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The mechanism illustrated as Case 1 is believed to be the most common for large
landslides in Canadian sensitive clay, which are most often triggered by erosion (Lebuis,
et al. 1983) and are frequently preceded by a smaller landslide at the riverbank;
however, the largest recorded landslides, including ancient landslides east of Ottawa
(Aylsworth and Lawrence 2003) and landslides associated with the 1663 Charlevoix
earthquake near Shawinigan (Desjardins 1980) and Saint-Jean-Vianney (Leggett and
LaSalle 1978) are Case 3 events. The type of landslide illustrated as Case 2 is believed
to be less common in Canada, but several large landslides of this type have been
documented in Sweden (e.g. Svärta, Sköttorp and Tuve slides, per Bernander 2000).
This Chapter will be concerned primarily with the Case 1 mechanism.
4.2.3 Triggering of First Landslide Movement
Once the continuous weak zone has developed and the monolithic slide mass has
become marginally stable, some small perturbation is sufficient to initiate significant
movement. This might be a small landslide or significant erosion episode at the toe, or
perhaps the opening of a tension crack that fills with water near the headscarp. This
allows the monolithic mass to begin to move, very slowly at first. This initial movement is
likely to be imperceptible to human observers, but may be noticed by animals, such as
cattle that refused to graze on farmland that was subsequently lost in the Saint-JeanVianney slide of 1971 (Tavenas et al. 1971), or horses that balked when pulling a
carriage across land that was soon lost in the 1893 slide at Vaerdalen, Norway
(Holmsen 1953).
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Note that it is possible that the final perturbation that completes the continuous weak
zone may be sufficient to also initiate movement of the slab; however, it may be
necessary for some subsequent load to act as the final trigger for global failure.
4.2.4 Translation of the Slab
The monolithic slab formed above the completed failure surface will begin to translate
and deform. The end of the slab closest to the free face will move the greatest distance,
due to less restraint at that end. This concept is illustrated in Figure 4-4. In effect, the
slab will unload itself elastically in extension, laterally.

Figure 4-4. Initial translation of the monolithic slab.
An important consequence of this differential amount of extension is that the amount of
displacement along the failure surface will vary, being greatest near the free face, and
very small near the eventual headscarp. The tendency for the clay to liquefy depends
on the amount of displacement, so liquefaction along the failure surface will begin
closest to the free face, where there is more displacement.
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4.2.5 Liquefaction
As the monolithic mass moves, the sensitive clay is sheared along the failure surface.
Once enough shearing has occurred, quickly enough (i.e. under undrained conditions), it
becomes remoulded. If the remoulding strength is sufficiently low, the clay along the
failure surface liquefies.

Figure 4-5. Displacement and liquefaction along the failure surface below the monolithic
slab.
Figure 4-5 shows that liquefaction (i.e. remoulding of sensitive clay with a sufficiently low
remoulded strength, typically less than 1 kPa) will begin closest to the free face, where
there is greater displacement along the failure surface, so that the fully remoulded
strength, τ r , can be obtained. Further back from the free face, where there is less
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displacement along the failure surface, the strength loss will be less, and potentially not
enough for the clay to liquefy until additional displacement eventually occurs. The
monolithic slab now lies over a thin layer of softened clay, which has liquefied near the
free face and strengthens gradually inward.
4.2.6 Acceleration of Monolithic Movement
Faster movement can begin when liquefaction has occurred, with the fastest movement
occurring where there is least constraint and the greatest degree of softening, closest to
the free face. This allows the monolithic slab to relax laterally, and creates the potential
for active failure within the slab.
If the liquefied layer is thick and the solid crust is thin or weak, there might be near total
disruption of the slab and flow (e.g. Saint-Jean-Vianney or Saint-Thuribe slides). If the
liquefied zone is thin and the monolithic slide mass is thick or stiff and strong, then there
will be less flow, and a more obvious lateral spread and subsidence behaviour. If the
liquefied zone is very thin, on the order of a few centimetres, and the slab is thick and
strong, the landslide may move as a flake slide, with limited disruption of the sliding
mass.
4.2.7 Translation and Disruption of the Monolithic Slide Mass
At this stage, the monolithic slab is moving, with faster movement occurring near the free
face. This results in lateral relaxation of the slab, thus reducing the minor (lateral)
principal stress, and creating the potential for active failure within the slab. Figure 4-6
shows the development of potential active failure surfaces within the translating and
deforming slab.
202

Figure 4-6. Potential active failure planes resulting from lateral relaxation of the slab.
Disruption of the monolithic mass occurs retrogressively, beginning at the free face,
giving the appearance of retrogressive sliding. Tensile and shear failure in the crust can
be relatively complex, leading to the horst and graben “rib and ridge” morphology in the
debris.
Figure 4-7 illustrates the conceptual sequence of development of the ribs and ridges: as
the slide mass translates, it breaks apart along active failure planes and then subsides.
The clay ridges (i.e. horsts) have a wider base and lower bearing pressure, and
therefore have less tendency to subside. The ribs (i.e. grabens) have a narrower base
and higher bearing pressure, leading to a greater tendency to subside. These features
can be observed in the South Nation River slide in Figure 4-2 as darker ribs (i.e.
grabens) with preserved vegetative cover and lighter clay ridges (i.e. horsts) protruding
between the subsided ribs.

203

Figure 4-7. Sequence of disruption of the monolithic slide mass moving over liquefied
clay.
4.2.8 Evidence from the literature in support of the mechanical model
The literature review has involved an extensive search of case histories for evidence in
support of or opposed to the proposed model. There is very little evidence in the
literature to contradict the proposed model, and the following observations from the
literature highlight several findings that support the model.
4.2.8.1 Pre-slide Moisture
Gagnon (1972) proposed a methodology for assessing landslide susceptibility in eastern
Canadian sensitive clay through air photo interpretation. His approach included
consideration of twenty different factors that were discernible from air photos. One of
these factors was the presence of moisture, as evident, in part, from a darker colour. Air
photos from before the 1971 South Nation River slide clearly showed the presence of a
darker area in the farm fields that corresponded quite closely with the outline of the
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subsequent retrogressive landslide. Similarly, that paper showed the presence of a wet
area in the footprint of the 1993 Lemieux slide, effectively predicting the occurrence of
that event two decades before it occurred. Given that the complete area of the slide
crater could be predicted approximately from prior air photos, it follows that there must
be some process underway, well in advance of the event, affecting the full area of the
ultimate landslide. This suggests the long term development of a complete failure
surface.
4.2.8.2 Consistency of Morphology of Landslide Debris
The morphology of slide debris is similar whether the triggering energy acted at the free
face (such as bank erosion - probably the most common triggering force), well back from
the free face outside the ultimate slide scar (e.g. Froland slide due to blasting well
outside the slide crater, per Bjurstrom 1982), or simultaneously below the full extent of
the slide (e.g. horizontal shaking due to earthquakes).
Given that the morphology of slide debris appears to be independent of the source and
location of the triggering energy, it is suggested that the entire failure surface must
therefore form before first major movement.
4.2.8.3 Continuous Smooth Failure Surface
The failure surface is most often smooth and continuous. If development were via a
series of individual rotational failures, one might expect a highly disrupted failure surface,
but this is the rare exception rather than the rule. In the case where the failure surface is
stepped, such as Mink Creek (Geertsema et al. 2006) or Saint-Boniface (Bégin et al.
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1996), this stepped topology can be explained by vertically separated quick layers
forming the “treads,” with vertical tensile failure surfaces forming the “risers.”
4.2.8.4 Aspect Ratio of Individual Failures
In the typical rib and ridge landslide morphology, the linear ribs are very long, up to
700m in the case of Saint-Boniface. Figure 4-2 shows an aerial view of the debris crater
of the South Nation River slide, with individual ribs on the order of 10 to 20 m wide and
in some cases 300 to 500 m long. Individual normal slope failures rarely occur with this
sort of aspect ratio. There is no obvious explanation as to why such long and narrow
failures should occur as individual movements in a retrogressive landslide.
4.2.8.5 Curved Failure Surface
In some cases such as Selnes (Kenney 1967), Furre (Hutchinson 1961) and Baastad
(Gregerson and Loken 1979), the final slide surface resembles a long, shallow circular
slide surface, with a gradual depression in the middle, rising forward toward the free face
and rearward toward the headscarp. This sort of development – notably the dip away
from the free face - doesn’t appear to be mechanistically possible by retrogression of
individual failures, and is therefore suggestive of a complete landslide mass with a
continuous failure surface formed before first significant movement.
4.2.8.6 Prior Warning of Impending Failure Well Back from the Free Face
There are often subtle indications, well back from the free face, that movement is
occurring before any significant failure is observed. Examples include the cattle refusing
to graze on a field that would soon be consumed by the Saint-Jean-Vianney slide
(Tavenas et al. 1971), and the alarmed behaviour of horses crossing close to the
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ultimate headscarp at Vaerdalen, kilometers away from the free face, a half hour before
the landslide consumed the road they had just crossed (Holmsen 1953).
In some cases, tension cracks have been observed near the ultimate headscarp (e.g.,
Breckenridge per Eden and Mitchell 1970) or well back from the free face within the
ultimate scar (e.g. Selnes, per Kenney 1967, and Beattie Mine, per Eden 1964).
Similarly the existence of a large tension crack near the ultimate headscarp at SaintJean-Vianney might be inferred from the fact that deep ponded water disappeared from
the subdivision a couple of nights before the slide (Tavenas et al. 1971). These
observations are evidence of deformation well away from the free face within the body of
the much larger ultimate slide crater, and therefore suggest the observation of slow
movement and gradual deformation along a complete pre-existing failure surface before
the initiation of significant more rapid movement.
4.2.8.7 Observations of a Pre-Existing Weak Layer
In some cases, a weak layer has been observed in otherwise undisturbed soil within the
ultimate slide scar before the slide or immediately adjacent to the failed zone after the
slide. Examples include:
•

La Grande River (Lefebvre and Lavalleé 1991) – there is a clayey silt unit with
strengths of about 80-90 kPa overlying silty clay with strengths of about 140-200
kPa. This weaker unit is rather thick, at 10 m or more;

•

Saint-Jean-Vianney (Potvin et al. 2001) – a cone penetrometer profile outside the
footprint of the 1971 landslide, within the footprint of the much larger 1663
landslide, shows a 1 m thick zone with cone tip resistance of about 2400 kPa, as
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compared with 3000 kPa immediately above, and about 3500 kPa immediately
above. This weaker layer is interpreted as representing the failure surface of the
ancient landslide, and is at the same elevation as the failure surface of the 1971
slide;
•

Mink Creek (Geertsema et al. 2006) – field vane strength profiles show a
pronounced weak zone outside the footprint of the landslide, within the footprint
of an adjacent ancient landslide, at the same elevation as the failure surface in
the new landslide. Shear strength over 1 m in one profile is 16 kPa, as
compared with 30 kPa immediately above. In a second profile, shear strength is
26 kPa, as compared with 48-49 kPa immediately above and below;

•

Hekseberg (Drury 1968) – a weak zone of approximately 2 m thickness was
observed outside the slide footprint at about the same elevation as the failure
surface. Shear strength is 3 t/m2, as compared with 4 t/m2 above and below;

•

Baastad (Gregerson and Loken 1979) – a 1 m thick weak zone was observed
outside the slide footprint at the same elevation as the failure surface, with shear
strength of 30 kPa, as compared with 40-50 kPa below and 55 kPa above; and

•

Skottorp (Odenstad 1951) – a 1 to 2 m thick weak zone was encountered outside
the footprint of the slide at the same elevation as the failure surface with shear
strength of 2.2 t/m2, as compared with 3.3 t/m2 above and 4.7 t/m2 below..

These weak zones, which generally have no obvious lithological explanation, could
indicate the development of progressive weakening and propagation of brittle failure.
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4.2.8.8 Absence of Clear Evidence of Rotation
The preceding sub-sections provide some morphological evidence in support of the
proposed model, but cannot be considered to be conclusive proof. Similarly, there is an
absence of clear proof in the literature for any of the other possible mechanical models,
including those that involve some element of retrogressive rotational slumping. Eye
witness accounts are rare, and those that are available are not conclusive. The eye
witness account from the bus driver in Tavenas et al. (1971) indicated that the failure
developed like steps dropping away in a moving escalator. That description might apply
to successive rotation, but could apply equally to lateral spreading and subsidence of the
failing blocks. The amateur video of the Rissa slide in Norway shows individual blocks
dropping into liquid clay, but the specific failure mechanism is not obvious, and could be
due either to local rotational slumping (although there is no significant element of
rotation) or active failure followed by subsidence.
The aim of proposing this model is not to insist that it must be true, but rather to offer an
alternative interpretation that may predict more elements of observed behaviour than
some or all of the other models.

4.3 AN ANALYTICAL TREATMENT OF THE PROPOSED MECHANICAL
MODEL
4.3.1 Introduction
In the progressive failure of overconsolidated clay slopes, the mean stress along the
failure surface may be substantially lower than the peak strength of the clay. This result
is possible because the clay is strain weakening, losing strength after the peak strength
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has been reached. Notable early researchers, including Skempton (1964) and Bishop
(1968), had suggested that fracture mechanics might provide a useful framework for
analysing progressive failure.
Palmer and Rice (1973) applied Rice’s J integral approach (Rice 1968) to the problem of
progressive failure of stiff, overconsolidated slopes in London clay. They used the pathindependence of the J integral (see Appendix A for definition) to obtain solutions for
fracture propagation for the case of an existing shear band of limited extent in a shear
box, and for the case of a shear band propagating from a step cut into an infinite slope.
This latter case approximates the conditions prior to failure in many delayed failures in
London clay. A number of the more important findings from these papers are presented
in the following section, where they are used to support the mechanical model that is the
subject of this Chapter.
4.3.2 A Simplified Slope and Behaviour along a Potential Failure Surface
Consider an infinite slope with a step cut at the toe as illustrated in Figure 4-8. One
might imagine that this model approximates the long term progressive failures in
overconsolidated London clay that occurred some decades after a road cut had been
excavated at the toe. If the slope angle, α, is very low (e.g. 1 to 3 degrees or less), then
the geometry approximates that of a gently sloping clay plain adjacent to a riverbank
eroded through sensitive clay in eastern Canada.
The slope consists of a strain-weakening soil with density, ρ, and peak and residual
shear strengths of

τ p and τ r , respectively. This Chapter will use the general term

“strain-weakening” instead of the more common “strain-softening” because the loss of
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strength (i.e. weakening) with strain is more important to the analysis than the
associated loss of stiffness (i.e. softening). Assume that conditions are suitable for a
shear band or weak zone to propagate parallel with the slope (e.g. bedding parallel to
slope surface, with a specific softer, weaker layer where the weak zone develops and
propagates). Assume further that a shear band of moderate length has developed, so
that shear strength has reduced to some residual strength, τ r along most of its length,
and there is a transition zone (“end region”) near the end of the band where shear stress
ranges between peak and residual strength. Finally, assume that this end region is
small relative to the length of the band; however, the importance of this length will be
examined in more detail later.

Figure 4-8. Infinite slope with finite shear band (modified after Palmer and Rice, 1973).
Consider three points along the potential failure surface as shown in Figure 4-8: A,
located well upslope of the shear band; B, located at the propagating end of the band;
and, C, located along the band some significant distance from its tip. At point A, shear
stress and strain along the potential failure surface are:
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[4-1]

τ A = τ g = ρgh sin α

and

[4-2]

γA =

τA
G

where G is the shear modulus in the elastic range, which for present purposes is
assumed to be constant from zero to peak strength.
Assume that the gravitational far-field shear stress, τ A , or

τ g , exceeds the residual

strength, τ r (this is a necessary condition for progressive failure, generally), but is less
than the peak strength,
displacement,

τ p . At point C on the shear band, there has been enough

δ C , along the band to reduce shear strength to the residual value, τ r

δ C ≥ δ r , where δ r

(i.e.

is the displacement required to obtain the residual strength). Shear

strain in the soil above and below the shear band will be reduced to:

[4-3]

γC =

τr
G

Figure 4-9 illustrates the actual and idealized stress-strain behaviour of the soil in shear.
Note that behaviour is shown in terms of shear stress and strain. The concept of shear
strain breaks down for the shear band, as strains are localized at some very small,
undefined region. It is preferable to think of displacement along the shear band after it
begins to form as shear stress passes the peak, and reserve the strain concept only for
soil deforming in the elastic range (i.e. the soil ahead of, and above and below, the shear
band). Stress-displacement behaviour of the shear band can be idealized as shown in
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Figure 4-10. Note that the energy becoming available on unloading to drive further
fracture, the fracture energy, or ( J p − τ r dδ ) , is the shaded area above the residual
strength in the unloading portion of the curve.

Figure 4-9. Assumed stress-strain behaviour.

Figure 4-10. Idealized stress-displacement behaviour of the shear band.
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∫

Consider a nominal displacement, δ , defined by δ (τ p − τ r ) = (τ − τ r )dδ . This value is
some fraction of δ r , and in the assumed idealized (linear) behaviour shown in Figure
4-10, δ =

δr
2

. In general, δ <

δr
2

by some margin due to the non-linearity of the

weakening portion of the stress-displacement curve.

Figure 4-11. Shear stress, strain and displacement conditions ahead of, near and well
behind the shear band tip.
Stress-strain or stress-displacement behaviour near the tip of the shear band involves a
gradual transition from the far-field conditions (i.e. τ A and γ A ) through peak strength
(and the onset of localization and slip) to the residual conditions further along the band
away from its tip (i.e.

τC , γ r

and

δ C ).

If one makes the simplifying assumption that there

is a distinct transition from elastic to inelastic conditions at the point of peak shear stress,
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then conditions near the band tip are as illustrated in Figure 4-11, which shows the
variation of shear stress, shear strain, and shear band displacement from the elastic
region ahead of the band to the fully softened length of the band behind the transition
area. The circled areas, identified as A, B and C, refer to those identified in Figure 4-8.
Note that the slope has been flattened and vertical dimensions exaggerated to simplify
the illustration. Note also that at point C, the indicated shear strains are in the clay
above and below the shear band, as the concept of strain does not apply within the
shear band itself.

Figure 4-12. Assumed stress distribution along shear band within the end region
(modified from Palmer and Rice, 1973).
If it is assumed that the idealized shear band stress-displacement behaviour is as shown
in Figure 4-10, then the shear stresses in the end region, of length ω, will decrease in
linear fashion behind the shear band tip as shown in Figure 4-12. The length of this end
region has been derived by Palmer and Rice (1973) as:

[4-4]

ω=

9π
G
δ
16(1 − υ ) (τ p − τ r )
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One can see that the length of the end region, which is a key factor in the potential for
propagation of the shear band, depends on the elastic properties (stiffness and
Poisson’s ratio), the difference between peak and residual shear strength, and the
nominal displacement, δ , which is some fraction of the displacement, δ r , along the
shear band required to achieve the residual strength, τ r . Since shear modulus tends to
be closely related to shear strength, this equation can be re-written as:

ω ≅ 125

[4-5]

τp
τ p −τ r

δ

for the case of overconsolidated London clay, as estimated by Palmer and Rice (1973)
from an approximation by Wroth (1972) of G / τ p ≅ 50 . This approximation is also
reasonable for sensitive clays, which tend to fail in undrained triaxial compression at
1-3 % strain (Bjerrum 1954) or less (Vaid, et al. 1979), which would yield G / τ p ≅ 30 to
100. This equation can be re-written in more relevant terms for sensitive clays as
follows:

[4-6]

ω ≅ 125

St
δ
St − 1

where St is sensitivity. For the soils of interest in this Chapter,

St >> 1 , so one can

approximate ω ≅ 125δ . In the case of overconsolidated London clay, δ ≅ 2 to 10 mm,
and

St ≅ 2 , based on results reported by Skempton (1964) and Skempton and Petley

(1968), as interpreted by Palmer and Rice (1973). These values yield an end region on
the order of 0.5 to 2.5 m. It will be seen later that the nominal displacement, δ , can be
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expected to vary quite substantially for different sensitive clays of similar sensitivity,
yielding a wide range of potential end region lengths independent of sensitivity. This will
have a marked influence on the potential for propagation of a shear band, and can be
related to the brittleness of the clay.
4.3.3 Propagation of the Failure Surface
One can obtain relationships for critical conditions leading to continued propagation of a
shear band, using the approach of Palmer and Rice (1973), for a slope under static
loads with the geometry given in Figure 4-8, as follows:

[4-7a] Lcr =

2 E ' hδ (τ p − τ r ) − p o h
(τ g − τ r )

where po is the initial average lateral earth pressure in the slope, over height h, before
the introduction of the cut, and Lcr is the critical length. Once the shear band reaches
this length, it will propagate with no additional external load. Written another way, the
driving energy available for propagating the shear band can be written as:
[4-7b] J p − τ r δ p =

h (τ g − τ r ) L
[
+ p o ]2 = ∫ (τ − τ r )dδ = δ (τ p − τ r )
2E '
h

And Equation [4-7a] was derived from Equation [4-7b], which was rearranged by Palmer
and Rice (1973) as:

[4-7c]

(τ

g

− τ r )L / h + p o

τ p −τ r

=

2 E 'δ
h(τ p − τ r )
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Examining this propagation criterion the following general conditions can be derived that
are conducive to propagation of a shear band under the conditions associated with the
slope in Figure 4-8:
(1) Small δ ;
(2) Low

τ p ; and

(3) Low E’.
Recalling that δ is some fraction of δ r , (i.e. generally less than half), conditions (1) and
(2), combined, suggest that the potential for propagation of the shear band is related to
the area under its stress-displacement curve to the point where the residual strength is
reached (i.e. at δ r ). This area is the strain energy required to obtain the residual
strength, which can be designated, W r, the remoulding energy. It is illustrated in Figure
4-13a. Two clays with identical peak and residual strengths (and therefore the same
sensitivity) can have markedly different remoulding energies. The physical meaning of
this difference is that a clay with a much higher remoulding energy, all other
characteristics being the same (e.g. strength, sensitivity, moisture content, clay content)
will be much tougher, requiring much more effort to shear to its fully remoulded strength.
While the above-noted conditions are necessary for propagation of the shear band, they
are not sufficient. If the end region, ω , where shear stress transitions from peak to
residual strength values, is long, it may not be possible for the shear band to propagate.
If this end region is of the same order as, or longer than, the initial length of the band,
then not all of the fracture energy is available for band propagation, and if the end region
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is much longer than the initial band length, very little of this fracture energy is available.
Additionally, the driving stress,

τ g , must be greater than the residual strength, or failure

is not possible. Therefore, the following conditions make it easier for the shear band to
propagate:
(4) ω << L ; and
(5)

τ g > τ r (which implies height, h, is sufficiently large).

One can declare one final condition for propagation: the driving stress must be less than
the peak shear strength, otherwise rupture would, by necessity, occur suddenly along
the full length of the failure surface. The final condition for progressive propagation of
the shear band is therefore:
(6)

τg <τ p.

With sensitive clays, many of the largest landslides develop into retrogressive flowslides.
Experience in Canada and Scandinavia, as documented by Lebuis, et al. (1983), shows
that significant retrogression only occurs when the residual shear strength is less than
about 1 kPa. When the residual strength is higher, failure tends to occur as local
rotational failure, or as lateral spreading with a less dramatic flow component. One can
therefore identify the following additional condition for the occurrence of significant flow,
given the occurrence of progressive propagation of the shear band to form the complete
failure surface:
(7) τ r ≤ 1 kPa.
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Figure 4-13. Stress-strain curves for soils with varying peak or residual strength,
sensitivity, and remoulding energy.
4.3.4 Comparison of Various Idealized Soils
Consider now some examples of hypothetical soils, with a range of stress-strain or
stress-displacement relations, as illustrated in Figure 4-13. In case (a), there are two
soils with the same peak and residual strengths, hence the same sensitivity. Yet one
soil requires considerably more strain, or strain energy, to remould. The nominal
displacement, δ , and associated end region, ω , along a potentially propagating shear
band will be much higher for the soil with the higher remoulding energy. Hence, this soil,
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which by all other measures is identical to the other, will be much less likely to have an
existing finite shear band propagate to failure. This latter material can be said to be
tougher, and the former more brittle.
In case (b), there are two soils with different peak and residual strengths and sensitivity,
but similar remoulding energy. In this case, we would expect the soil with the lower peak
strength to be more susceptible to progressive failure. However, since its residual, or
remoulded, strength is much higher, it is unlikely that a progressive failure in this
material would lead to a flow slide.
In case (c), there are two soils with similar peak strength, but different residual strength
and remoulding energy. Here, the soil with lower residual strength and remoulding
energy has a much higher potential for shear bands to propagate.
In case (d), there are two soils with similar residual strengths, but different peak
strengths and remoulding energies. One of the curves is nearly elastic-perfectly plastic,
as an approximation. In this case, it is more difficult to predict the differences in
behaviour. Following the basic conditions for propagation (i.e. 1 to 6 as outlined above),
the material with the lower peak strength and remoulding energy is more susceptible.
However, recall that the energy available to initiate propagation, or fracture energy,

J p − τ r dδ , is the area between the curve and a horizontal line extending from the
residual strength. In the case of the soil with lower peak strength, there is very little
fracture energy available for shear band propagation, so conditions for propagation
might never develop. Further, the likelihood of meeting both conditions (5) and (6) is
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quite low, since

τ p and τ r are so close, limiting the chances for the correct stresses to

occur to lead to progressive failure.
4.3.5 General Behaviour of Sensitive Clay
With the conditions for shear band propagation and flow in mind, one can now consider
the behaviour of real soils. The laboratory behaviour of sensitive clay is well described
in the literature by, for example, Bjerrum (1954), Lefebvre and La Rochelle (1974), Vaid
and Campanella (1977), Vaid et al. (1979), Lefebvre (1981), and Saihi, et al. (2002).
The following summary of sensitive clay behaviour has been synthesized from these
sources except where noted otherwise.
In considering the shear behaviour of sensitive clays, there are two values of residual
strength one may wish to consider: the residual strength, as traditionally defined; and,
the remoulded strength. In many clays, these two strengths are equal, or very close;
however, in the case of sensitive clays, they are distinctly different. The residual
strength, as traditionally defined by Skempton (1964), is an inherent material property
related to the frictional characteristics of the minerals that make up the soil matrix, and is
obtained at relatively large strains (e.g. 10-12 % or more), well after the peak strength
has been achieved. A clay soil comprised primarily of clay minerals, with these particles
being predominantly clay size (< 2 μm), will have a residual friction angle close to the
intrinsic friction angle of the small platey minerals (e.g. 13 and 7 degrees for chlorite and
biotite). As the clay fraction reduces and the soil becomes gradually coarser, the
residual friction angle increases toward the value for sand (i.e. close to 30 degrees). At
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clay fractions greater than about 40 %, the clay minerals tend to dominate the strength
behaviour, and at less than 20 %, the silt/sand matrix dominates.
In the case of a normal (i.e. insensitive) clay, if one were to fully remould a sample and
test it again, its shear strength, which one can now call the remoulded strength (since a
remoulded sample is being considered), will be the same as the residual strength
described above. In the case of sensitive clay, where structure (and perhaps
cementation) has an influence on peak strength, the remoulded strength may be very
much lower than the residual strength. The residual strength is close to 30 degrees for
Canadian sensitive clays, since the dominant minerals, even in the clay fraction, are
glacially-derived quartz and feldspars, rather than true clay minerals (Bentley and
Smalley 1979). The remoulded strength, however, can be very much lower, often
approaching zero.
The remoulded strength of sensitive clay can be achieved at large strain in undrained
loading, but cannot be achieved in drained loading, where the lowest possible strength is
the residual value. In standard undrained laboratory tests, such as triaxial or direct
shear, strains are not sufficiently large to obtain the remoulded strength, but this value
can be observed in large strain, undrained tests, such as field or lab vane shear strength
tests. The following paragraphs provide more detail to distinguish between these
different behaviours. It should be noted that, in the rest of this Chapter, the terms
“residual” and “remoulded” will have the meanings just described, and the difference will
become important when considering the potential for shear band propagation.
The stress-strain-displacement behaviour of sensitive clay is, like that of many geomaterials, rate sensitive, stress-state dependent and stress-path dependent. In drained
223

conditions (i.e. very slow loading in the lab, where loading rate is slow enough to allow
drainage and eliminate excess pore pressures), a lightly overconsolidated sensitive clay
will exhibit work-hardening after first yield in triaxial compression, with a large strain
strength consistent with the constant volume friction angle (i.e. residual strength), which
is typically about 30o. A normally consolidated sensitive clay under triaxial compression
will show ductile (i.e. elastic-plastic) behaviour, with peak strength equal to residual
strength, which is equal to the constant volume friction angle. A highly overconsolidated
sensitive clay in triaxial compression will exhibit a pronounced peak, after which the
strength will decrease to a residual strength that is somewhat higher than the constant
volume friction angle, with this difference being due to the structure of the
overconsolidated soil.
While these characteristics are observed in drained tests in the lab, loading rates in the
field to achieve fully drained conditions may often be several orders of magnitude slower
than in the drained lab tests, due to the differences in scale and associated drainage
path length. Slopes have been observed to creep to failure, and long term creep tests in
the lab show that sustained loading above the residual strength (i.e. the constant volume
friction angle) will always result in failure (Lefebvre 1996). It is therefore concluded that
under drained loading conditions in geological time scales, the behaviour of sensitive
clay is ductile, or elastic-plastic, with the failure strength equal to the constant volume
friction angle (residual strength). Drained loading, at least on geological time scales, is
therefore of no interest to the question of propagation of progressive failure, since strainweakening behaviour is a necessary condition for this phenomenon. By contrast, the
drained behaviour of most typical (i.e. insensitive) overconsolidated clays is brittle.
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Undrained loading of sensitive clay is of more interest in this Chapter. Here, behaviour
is well understood under conditions of well-controlled lab tests, but less well understood
under certain conditions in the field. Notably, the complete connection between small
strain and very large strain/displacement undrained behaviour is not well described in
the literature. This Chapter will make inferences from available data to describe the
probable behaviour, but further work, especially careful ring shear testing of sensitive
clay samples, is necessary to confirm certain assumptions.
The generation of excess pore pressures or suction due to shear-induced volume
changes governs the undrained behaviour of clays; however, the volume change
behaviour of sensitive clay under shear is markedly different than that of insensitive clay
when subjected to typical loads that might be expected in the field. Overconsolidated
London clay, for example, dilates under undrained shear, resulting in suction and strain
hardening (this differs from its drained behaviour, which is strain-weakening). By
contrast, overconsolidated sensitive clay can contract, resulting in generation of excess
pore pressures and a reduction in effective stress and shear strength, hence strainweakening.
Generation of excess pore pressures in normally consolidated or moderately
overconsolidated sensitive clay in undrained shear can continue for considerable shear
strains, yielding a very low strength. This very large strain strength is the remoulded
strength. It can be measured directly by performing tests on a fully remoulded sample,
under the same moisture content and stress conditions, or by field or lab vane shear
tests, or inferred indirectly in the lab (e.g. using the Swedish fall cone) or field (e.g. using
the piezocone). However, the complete stress-strain-displacement behaviour from fully
225

intact to remoulded strength conditions is not described in the literature. The maximum
strain/displacement in standard shear tests (e.g. triaxial, direct shear, simple shear) is
insufficient to achieve the fully remoulded strength. In field vane shear testing, it is
standard practice to fully rotate the vane at least ten revolutions to obtain the remoulded
strength. Such displacements, which could result in a significant part of a metre of
displacement (for large vanes), are not possible in the usual lab tests. Ring shear
testing would appear to hold promise for investigating this behaviour more completely,
but sample preparation is very difficult, and very few ring shear tests on sensitive clay
samples have been reported. Stark and Contreras (1996) report ring shear tests on
sensitive Drammen clay; however, the test was performed to less than 60 mm
displacement, which may be very much smaller than δ r for many sensitive clays.
4.3.6 Idealized Stress-Strain-Displacement Behaviour of Sensitive Clay
The small to large strain behaviour of sensitive clay may be inferred from results
reported by Tavenas et al. (1983) who investigated the strain energy required to remould
different samples of sensitive Champlain clay. Those authors conducted four different
novel tests on various clays, all of which had high sensitivity values (i.e. 24 to > 600),
and used the results to plot the reduction in shear strength with increasing strain energy.
Summary results are plotted in Figure 4-14.
The samples from Saint-Thuribe and Saint-Jean-Vianney were obtained near extremely
large retrogressive landslides. All of the other samples were obtained near landslides
with little or no retrogression. At Saint-Léon, for example, numerous landslides had
occurred in the recent past, but retrogression was generally non-existent or very limited.
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These data offer an opportunity to compare and contrast properties that might result in a
higher potential for large retrogressive landslides.
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0

50

100

150

200

250

300

0
Saint-Leon 4.8 m

Remoulding Index, Ir, (%)

10

Saint-Leon 9.3 m

20

Louiseville

30

Saint-Hilaire
Saint-Thuribe 6 m

40

Saint-Thuribe 12 m

50

Mascouche

60

Saint-Alban

70

Saint-Jean-Vianney

80
90
100

Figure 4-14. Relationship between normalized energy and remoulding index for
Champlain clay samples (replotted from Tavenas, et al, 1983).
The remoulding index, as defined by Tavenas et al. (1983), represents the percentage
loss of strength from peak to remoulded, and is written as:

[4-8]

where

Ir =

τx

τ p −τ x
× 100%
τ p −τ r

represents the strength at some given energy input, and lies between the peak

and remoulded values. The strain energy, wN, is the applied strain energy normalized by
the limit state energy, wLS, which is the strain energy required to reach the peak strength.
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Remoulding energy, wr, is then the strain energy required to obtain the fully remoulded
strength. These energy concepts are illustrated in Figure 4-15.

Figure 4-15. Remoulding energy and remoulding index.
Tavenas et al. (1983) estimated that wN ~ 40 is the approximate energy released in a
landslide, and interpreted remoulding index at wN = 40 of the clay samples for
comparison purposes. Relevant data are tabulated in Table 4-1. These data
demonstrate that the tendency for significant retrogression (which is postulated in this
Chapter to imply long propagation of progressive failure, and also implies a significant
amount of flow) requires a very high remoulding index (which means a low remoulding
energy). These data suggest that the remoulding index at wN = 40 must exceed ~ 60 for
large retrogressive landslides to occur. Stated differently, the data confirm that a low
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remoulding energy is required for large retrogressive landslides to occur. Note that there
is some scatter in the data, and that the sample size is small.
Table 4-1. Remoulding indices (at wN = 40) of the clays investigated by Tavenas et al.
(1983).
Site

Sensitivity
(St)

Saint-Léon 4.8 m
Saint-Léon 9.3 m
Louiseville 6 m
Saint-Hilaire 5.6 m
Saint-Thuribe 6 m
Saint-Thuribe 12 m
Mascouche 9 m
Saint-Alban 6.6 m
Saint-Jean-Vianney 30 m

27
24
30
44
137
> 600
104
105
260

Ir at
WN = 40
(%)
35
39
33
46
58
74
54
56
95

WN at
Ir = 50 %

Retrogressive
Landslides?

63
47
59
47
23
23
37
23
9

N
N
N
N
Y
Y
N
N
Y

The remoulding energies at 50 % strength loss (i.e. Ir = 50 %) are also shown in Table
4-1. These show that lower remoulding energies (i.e. less than 25 at Ir = 50 %) are
associated with large landslides. Again, there is some scatter in the data, and some
sites with smaller landslides (e.g. Saint-Alban, which has the same remoulding energy
as at Saint-Thuribe) also have low remoulding energies; however, there is a trend for
lower remoulding energy to be associated with the larger retrogressive landslides.
Further, large retrogressive landslides are known to occur in the Saint-Alban area, if
perhaps not where Tavenas et al. (1983) obtained their samples.
One can use the Tavenas et al. (1983) data to interpret crude stress-strain and stressdisplacement curves for the various tested clay samples. Shear stress can be
interpreted directly from the remoulding index, Ir, if the peak and residual strengths are
known, from:
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[4-9]

τx =τ p −

I r (τ p − τ r )
100%

One can then estimate the associated shear strain if certain assumptions are made.
First assume linear elastic behaviour to first yield at

τ p , γ p . The area under the stress-

strain curve to this point equals the limit state energy, and can be approximated as:

[4-10] w LS =

τ pγ p τ p2
=
2
G

Note that this assumes linear elastic behaviour to the point of first yield. The actual limit
state energy will be somewhat higher due to non-linearity.
One can derive the following expression for shear strain,

[4-11] γ xi =

γ x , at any given strain energy:

2wN × 100%
+ γ xi −1
(τ xi −1 + τ xi )

where i refers to the current stress-strain increment.
Strain is calculated incrementally based on the previous values of shear stress and
strain, and the current values of shear stress and strain energy, where shear stress is
calculated for the current value of Ir from equation [4-8], and the current value of strain
energy and Ir are both interpreted directly from Figure 4-14. This formulation assumes a
linear decrease in stress with increase in strain. This assumption improves as the stress
increment (or incremental decrease in remoulding index) is made smaller.
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Figure 4-16. Stress-strain curves interpreted from Tavenas, et al. (1983) for selected
clay samples.
The strain energy, wN, is a multiple of wLS. The peak strength of sensitive clay in triaxial
compression is typically obtained at a strain of about 1-3% (Bjerrum 1954) or less (Vaid
et al. 1979 report failure in undrained triaxial compression at axial strains between 0.4 to
0.7 %). Using these relationships, and assuming the limit state strain,

γ LS , is 1%, one

can obtain stress strain curves for the clay samples tested by Tavenas et al. (1983). A
selected subset of these curves is shown in Figure 4-16. Note that the cone
penetrometer strengths have been used as peak strength, rather than the field vane
shear strengths, but similar curves could be made based on vane strength.
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If these curves are converted to stress-displacement curves, inferences can be made
about the nominal displacements, δ , associated end regions, ω, and likelihood of shear
band propagation. There are limited published data for large strain shear testing of
sensitive clay; however, according to tests on Drammen clay by Stark and Contreras
(1996), peak strength in constant volume ring shear and direct shear testing are
obtained at about 1 mm and 0.5 to 1 mm, respectively. It is known from Bjerrum (1954)
and Vaid et al. (1979) that peak strength in undrained triaxial extension occurs at about
1 to 3 % axial strain, or less. While shear strain is not identical to axial strain in triaxial
compression, the two measures are of the same order of magnitude, so one might
conclude that a shear strain of 1 to 3 % is roughly equivalent to a displacement of 0.5 to
1 mm. If one then applies the approximate conversion that 1 % strain ~ 0.375 mm
displacement, the stress-displacement curve (normalized for peak strength) in Figure
4-17 can be obtained.
Figure 4-17 has been presented primarily for illustrative purposes. Further investigation
of large strain behaviour of various sensitive clay soils would serve to improve this
analysis; however, it seems reasonable to believe that the δ r values will vary by about
two orders of magnitude, as shown, for a similar group of sensitive clay samples. One
would therefore expect the tendency for propagation of shear bands, and the potential
for very large retrogressive landslides, to vary considerably depending on the local
nature (i.e. brittleness) of the clay.

232

Percent of Peak Strength

100

Saint-Leon 4.8 m

90

Saint-Leon 9.3 m

80

Louiseville

70

Saint-Hilaire
Saint-Thuribe 6 m

60

Saint-Thuribe 12 m

50

Saint-Alban

40

Mascouche

30

Saint-Jean-Vianney

20
10
0
0

200

400

600

Displacement (mm)

800

1000

Figure 4-17. Normalized stress versus displacement for selected clay samples.
4.3.7 Nominal Displacement and Brittleness of Sensitive Clay
Approximate values of δ r and δ can be interpreted from Figure 4-17, as summarized in
Table 4-2. A brittleness parameter, IB, was defined by Bishop (1971) as:
[4-12] I B =

τ p −τ r
τp

The associated values of IB, and resulting calculated values of ω, are also shown in
Table 4-2. The nominal displacement, δ , determines the value of ω, since IB ~ 1 for all
of these very sensitive clays. The range in brittleness (or toughness) is evident in the
range of calculated ω values, which vary by about two orders of magnitude for this group
233

of otherwise similar clays. The Saint-Jean-Vianney clay is the most brittle, and SaintLéon the least brittle, or toughest.
Table 4-2. Nominal displacements and end region lengths for clays tested by Tavenas
et al. (1983).
Site
Saint-Léon 4.8 m
Saint-Léon 9.3 m
Louiseville 6 m
Saint-Hilaire
Saint-Thuribe 6 m
Saint-Thuribe 12 m
Mascouche 9 m
Saint-Alban 6.6 m
Saint-Jean-Vianney 30
m

(mm)
(mm)
> 5000
~ 2000
> 3000
> 3000
~ 1000
~ 1000
~ 500
> 3000
~ 50

1000
400
500
500
200
250
75
500
20

IB
0.963
0.958
0.967
0.977
0.993
0.998
0.990
0.990

(m)
(most likely)
130
50
65
65
25
30
10
65

0.996

2.5

(m)
(range)
60-350
25-140
30-170
30-170
10-65
15-85
4-25
30-170
1-7

Notes: ω values are rounded to two significant figures to reflect uncertainty in input parameters. Most likely
value assumes 2% strain equals 0.75 mm displacement, which is the middle of the range of both values.
The range of possible values reflects the range of possible equivalent strains (1 to 3 %) and displacements
(0.5 to 1 mm) at peak strength quoted from the literature.

Note that the calculated values of δ and ω have thus far been based on the assumption
that it is necessary to obtain the fully remoulded strength in order to see the weakness,
or shear band, propagate. Consider instead that the strength has only reduced by 40 %
(i.e. St = 1.67 and IB = 0.4), and recalculate the nominal displacements and associated
end region lengths. The results are presented in Table 4-3, and one can see that the
end regions are much smaller, by a factor of about 3 to 5. This suggests that failure
would be more likely to begin to propagate before the fully remoulded strength is
obtained. Note again that there is some scatter in the data, and in this case the clay
from Mascouche has a lower end region length than that from Saint-Thuribe, suggesting
a greater likelihood of large landslides; however, the general trend is for shorter end
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regions leading to large landslides, and the slope geometry at Mascouche, which was
not reported by Tavenas et al. (1983), may not have favoured large landslides.
Table 4-3. Revised nominal displacements and end region lengths for clays tested by
Tavenas et al. (1983).
Site
Saint-Léon 4.8 m
Saint-Léon 9.3 m
Louiseville 6 m
Saint-Hilaire
Saint-Thuribe 6 m
Saint-Thuribe 12 m
Mascouche 9 m
Saint-Alban 6.6 m
Saint-Jean-Vianney 30 m
Note:

δ≈

δ

δr
2

(mm)
(mm)
234
94
143
116
36
68
16
70
3

117
47
72
58
18
34
8
35
1.5

(m)
36.6
14.7
22.5
18.1
5.6
10.6
2.5
10.9
0.5

values are estimated based on a 40% loss of strength, rather than fully remoulded strength.
is assumed to be approximately correct for the early part of the interpreted stress-displacement

curve, which is nearly linear.

Recalling that ω ≅ 125δ , the physical meaning of these ω values for natural slopes in
sensitive clay becomes evident when looking at equation [4-7a], which defines a critical
length for propagation of a shear band under no load other than gravitational stresses. If
there is an existing shear band with length greater than the critical length, Lcr, then
failure is assured, since the shear band will propagate with no additional perturbation.
Bishop (1971) defined the brittleness parameter presented in equation [4-12] for strainweakening materials subject to progressive failure. He suggested that this parameter is
important in determining the magnitude of possible error when applying limit equilibrium
assumptions to the analysis of slopes that have failed progressively.
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Bishop’s definition of brittleness only considers the shear strength properties, and does
not consider the strain, or strain energy, required to achieve the “residual” strength
(which in this context, could be either the residual or remoulded strength). The
preceding fracture mechanics analysis of potential for propagation of shear bands, and
the data described above from Tavenas et al. (1983), both show that strain, or
displacement, along the shear band is an equally important factor. A more complete
definition of brittleness, for the purpose of this Chapter, should consider both strength
values and remoulding energy. Or more properly, it should consider both the magnitude
of strength loss after peak, and the ease with which this loss is achieved. Equation [4-6]
can be rearranged in terms of IB and St:

[4-13]

1

ω

=

IB
( S − 1)
= t
125δ 125St δ

Recall that potential for propagation of a shear band increases with decreasing values of
ω. The relationship for 1/ω shown in equation [4-13] is thus a more useful measure of
brittleness for the purpose of this Chapter, as it considers both the remoulding energy
(indirectly, through δ ) and peak and residual strength values (through IB or St). 1/ω
decreases to zero for elastic-plastic (i.e. ductile) soils, and increases to infinity for very
brittle soils, which have very small values of the nominal displacement, δ . Note that for
very sensitive soils, such as typical Champlain clay, St >> 1, so

1

ω

=

1
, and
125δ

brittleness varies inversely with the nominal displacement. For sensitive clays,
therefore, brittleness tends to be a function of remoulding energy, more so than
sensitivity.
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This measure of brittleness has a real physical meaning in relation to the propagating
shear band. Recall that ω is the length of the process zone at the end of the band
where shear stress transitions from peak to residual strength (i.e. end region). It can be
noted that it is also related to the width of the plastic “wake” that develops alongside a
propagating crack, which is an indication of the energy lost in plastic flow, which
increases with increasing ductility or toughness. The length of this process zone relates
directly to the likelihood of continued propagation, as demonstrated by Equation [4-7a].
If ω is long in relation to the shear band, then shear stresses are more or less constant
along the band, and the global behaviour is ductile. If ω is short in relation to the shear
band, propagation is much more likely, and global behaviour is more brittle.
4.3.8 Example of Potential Shear Band Propagation
Consider now the practical example of a slope similar to that illustrated in Figure 4-8.
Assume the height, h, to be 30 m, and the slope angle, α, to be 0.5 degrees. Assume
there is a layer that is slightly weaker and softer near the toe of the slope, with an
undrained shear strength of 80 kPa and remoulded strength of about 1 kPa. Unit weight
of the soil (ρg) is 18 kN/m3, and groundwater is located within a few (about 5) metres
below the surface. Preconsolidation pressure is about 400 kPa at 30 m depth,
representing an overconsolidation ratio of about 1.4. These conditions could be
considered fairly typical of a 30 m high riverbank carved through the gentle clay plains of
southern Quebec. Further assume that G / τ p ≅ 50 , and Poisson’s ratio, υ ≅ 0.25 , so
that E '≅ 125τ p . Also, make the assumption that the at rest earth pressure coefficient is
0.5. If the soil has a low remoulding energy, such that δ = 0.5 m, as in the case of the
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Saint-Alban clay, then one can calculate the critical length for propagation of a shear
band under only gravitational stresses to be:

Lcr = 220 m.

Therefore, under this geometry, with these soil conditions, if a shear band had
developed to the point of being 220 m long under some process (i.e. likely involving
other external loads), then at that point it would begin to propagate to failure, even if
such external loads were subsequently removed.
Consider now the possibility of adding a load other than gravity. Recalling equation
[4-7a], and noting that the term,

τ g , is meant to represent the in-situ shear stress along

the potential failure surface, it is clear that this stress can be higher than that solely due
to gravity. Additional shear stresses could be imposed by construction of an
embankment upslope, erosion of the riverbank, or by shock loads (e.g. due to
explosions, earthquakes or pile driving). This additional shear stress, if present ahead of
the end of the shear band, would serve to reduce the critical length for propagation.
Revised critical lengths for varying additional stresses are detailed in Table 4-4.
Table 4-4. Reduced critical lengths with additional driving stresses.
Additional Driving Stress
τ (kPa)

Revised
Critical Length (m)

0
10
20
50
100
150
200
250

220
60
35
15
8
5
4
3
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It is apparent that conditions can occur easily where the critical length for propagation
becomes very short, either under a sustained load (e.g. embankment construction) or a
transient load, leading to greatly increased potential for shear band propagation and
general collapse. Note, however, that the shear band can propagate under these
additional loads only so far as the additional driving stresses exist. Therefore, if the
effects of such an external load are felt to a limited distance within the slope, then the
shear band will only propagate within the limits of stress influence, and will not
necessarily propagate to failure. However, the presence of the advancing shear band
will alter the stress field ahead of its advance, potentially leading it to advance further
than would be predicted on the basis of a static analysis.
Once the shear band has advanced to some degree, it becomes a weaker zone that is
able to transmit stresses to its tip upon any subsequent loading increment, thus allowing
the shear band to develop further upon subsequent cycles of repetitive loading. At some
point, perhaps after a very large number of loading cycles, this weaker zone will have
advanced to the extent where the critical length for the slope, under no external loads
other than gravity, has been reached. At this point, failure is assured and the shear
band will propagate to its final extent, leading to general collapse. This concept – of the
shear band developing very slowly at first under cyclic loading, and then suddenly
propagating – is similar to the mechanism and sequence described for fatigue failure in
metals (see, for example, Weibull 1963), or the second and third stages of creep failure,
where creep movements decelerate over time to a point, and then suddenly accelerate
to collapse.
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4.3.9 Generalization from Shear Band to Weak Zone
The preceding analysis is written with the assumption that the propagating failure
surface is a shear band, where deformations have localized over a negligibly wide zone.
Nothing in the original analysis by Rice (1968) requires that the crack have infinitesimal
thickness, and in fact the J integral was developed for notches and cracks, where a
notch is an open crack with non-negligible thickness. The preceding analysis therefore
applies equally if the shear deformation occurs within a weak zone of finite thickness
rather than a shear band of negligible thickness.
4.3.10 Potential Length of Failure
Consider now the potential limits of shear band propagation, which will define the
possible length of the failure surface and ultimate extent of the landslide. Given an
infinite slope with a propagating shear band longer than the critical length, and uniform
slope conditions, the shear band could theoretically propagate to an infinite extent.
However, the properties of the elastic slab above the shear band limit the potential
propagation length. Further, variability in properties along the slope, or the existence of
a significant weakness, such as a tension crack or persistent vertical joint, could force
the failure to the surface.
The case of the shear band encountering an existing tension crack (or deep, open,
persistent joints or fissures), resulting in sudden release of the slab, is trivial and
requires no further examination. It is clear that such a scenario is possible, but it is not
possible to predict the a priori existence or location of such a discontinuity. Consider
instead that the elastic slab above the shear band has uniform properties and no
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defects, and hence derive conditions for termination of shear band propagation and
release of the slab (i.e. collapse of the slope).
Assuming that the length of the end region, ω, is very small with respect to the overall
length of the shear band, so that the shear strength along the band is effectively the
residual strength, τ r , along its full length, then provided the driving stress exceeds the
residual strength along the shear band, the slab will only remain in place as long as it
has sufficient tensile strength (or more properly, strength in extension) at its uppermost
extent. At some point, the slab will grow to sufficient length so that the unbalanced
forces along the shear band will exceed the tensile strength, and active failure will result.
Figure 4-18 illustrates this concept.

Figure 4-18. Active failure of the slab above the propagating shear band.
For simplicity, assume a friction angle of 30 degrees (reasonable for Canadian sensitive
clays) and normally consolidated conditions, giving an active earth pressure coefficient
of 0.33. Most Canadian sensitive clays tend to be somewhat overconsolidated, so the
active earth pressure coefficient might be expected to be somewhat higher, leading to
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longer failure surfaces. However, the tendency for fissuring in overconsolidated clay,
particularly in the stiff upper crust, may offset this difference. Nevertheless, one can
consider the normally consolidated case to give a reasonable first estimate. Assume
further that slope angles are very small (< 5o for example), so that active earth pressure
can be estimated based on level ground conditions. A correction would be warranted if
the slope angle increases above a few degrees; however, these landslides tend to occur
in much flatter terrain, with average slopes on the order of one degree, or less, beyond
the crest of the riverbank.
A simple analysis of the forces acting on the slab leads to the following maximum length
of the failure surface:

[4-14] l =

ρgh 2
6( ρgh sin α − τ r )

In many cases, the residual strength along the shear band is very close to zero (i.e.
remoulded strength for a very sensitive soil). One can therefore set a lower bound for
length of failure to be:
[4-15] l =

h
6 sin α

An interesting consequence is that the length of failure increases as the slope angle
flattens. While this finding might at first appear counterintuitive, it is consistent with the
observation of large retrogressive landslides in sensitive clay. Further, Eide and Bjerrum
(1955) obtained a similar finding in their analysis of the slide at Bekkelaget following a
different analytical approach. The other important consequence is that the length of
failure is directly proportional to the height of the slope. This is consistent with
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experience of large retrogressive landslides in Canadian sensitive clay; the largest
retrogressive landslides tend to occur adjacent to the highest riverbanks (e.g. Quinn et
al. 2007a, Chapter 2). This is also consistent with practical methods used to predict the
maximum probable extent of retrogression adjacent to slopes, which rely in large part on
slope height (e.g. Mitchell 1978).
Calculated failure lengths are shown for various scenarios in Figure 4-19, which shows
failure lengths for a slope with height, h, equal to 30 m. Bulk weight is assumed to be 18
kN/m3. If a typical slope with a slope angle of 1 degree and a residual strength of 2 kPa
is considered, one would predict the shear band to propagate to a maximum length of
363 m, which is about 12 times the slope height. Similarly, one can calculate a
maximum length of 394 m, or 26 times the slope height, for a slope 15 m high with 1
degree slope angle and residual strength of 3 kPa. These ratios of length to height are
well within the normal range observed for large retrogressive landslides in Canadian
sensitive clay.
Note that potential length increases asymptotically with residual strength, and decreases
substantially with increasing slope angle. For example, in the case of a 30 m high slope
at an angle of 8 degrees with a residual strength of 1 kPa, the maximum length is limited
to 26 m, or about the same as the slope height. In this case, a large retrogressive
landslide would not be expected. By contrast, for any given slope angle, as τ r increases,
length of propagation increases asymptotically, so that extremely long shear bands may
be expected. Note that these lengths result from the slope geometry and are not related
to the length of the end region, ω, which has been shown to control the tendency for
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shear band propagation. In all of these cases, ω is assumed to be sufficiently small to
allow propagation of progressive failure.
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Figure 4-19. Calculated failure lengths for a 30 m high slope.
Another interesting result emerges from careful analysis of equation [4-14], which
defines the maximum extent of shear band propagation based on the strength properties
of the elastic slab above the band. The factor, 6, in the denominator, comes from the
triangular distribution of active pressure and the earth pressure coefficient of 0.33. If the
earth pressure coefficient decreases, then this factor will increase, leading to a shorter
propagation length. It should be clear that if the shear band were to propagate toward a
backscarp (i.e. reverse break in slope) located upslope, the active earth pressure will
decrease as it approaches the change in slope. This is a consequence of decreased
confinement due to the break in slope. It is therefore likely that the slab will release
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before the shear band reaches the break in slope, resulting in the headscarp positioning
itself near to the break in slope without involving it in the failure.
This consequence of the analysis is interesting because this phenomenon is observed
very frequently in the development of large retrogressive landslides in Canadian
sensitive clay. Retrogressive landslides often terminate laterally at gullies without
involving the stream, and will advance near to older, surrounding retrogressive
landslides without touching them, leaving an intact wall of clay – often 20 m high or
more, and only a few metres wide - between the older and newer landslides.

Figure 4-20. Saint-Thuribe area landslides.
An example of a retrogressive landslide in sensitive clay that terminated laterally at
existing gullies (i.e. the South Nation River slide of 1971) is illustrated in Figure 4-2. The
left and right flanks of that landslide terminated just prior to existing wooded gullies
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without involving them. The Lemieux slide of 1993 is similarly bounded by deep gullies
along both sides. Examples of landslides terminating immediately adjacent to older
landslides are documented by Hodgson (1927) for the Shawinigan Falls slide of 1924,
and by Wilson and Mackay (1919) for the Saint-Thuribe slides of 1898 and 1908. These
latter landslides are illustrated in Figure 4-20.

4.4 CONCLUSIONS
This Chapter has presented a mechanical model for the development of retrogressive
landslides in sensitive clay. A fundamental assumption is that the entire failure surface
develops prior to first incidence of significant, noticeable movement. In other words, the
landslides are not retrogressive, in the strictest sense, since the complete failure surface
forms before subsequent disruption of the moving slide mass, which develops first at the
free face and then moves rearward toward the ultimate headscarp, taking the
appearance of retrogression by successive individual failures.
The analysis in this Chapter has presented mathematical support for the hypothetical
mechanical model for the development of retrogressive landslides in sensitive clay,
working from the assumption that they generally develop as progressive failures. It
should be noted that the timeframe involved in the progressive failure will vary
depending on a number of factors, including, in particular, the rheology of the geomaterials involved in the failure. Progressive landslides in overconsolidated London
clay, for example, can take decades to develop since the material is only brittle in fully
drained conditions, which can take considerable time to develop. By contrast,
progressive failure in sensitive clay will happen quite suddenly once conditions have
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been met (i.e. the critical length of the shear band has been reached), since the material
is extremely brittle under undrained conditions, which requires rapid loading.
The development of the complete failure surface prior to first significant movement has
been explained using concepts from fracture mechanics. The most important idea is
that fracture can propagate under no additional external load in brittle materials given the
right conditions. The energy released during strain weakening provides the driving
impetus for continuation of fracture. If shear stress ahead of the fracture (or shear band)
is high enough (i.e. higher than the residual strength, but lower than the peak strength),
the failure surface can propagate under no other external influence, leading to sudden,
unexpected failure.
Further analysis has shown that the length of failure (e.g. ultimate size of the
“retrogressive” landslide) depends on a number of factors, including slope height,
residual strength and remoulding energy of the clay (i.e. collectively, the clay’s
brittleness), and the slope of the ground above the crest of the slope (and slope of
underlying bedding, which controls the direction of shear band propagation).
A number of consequences result from the proposed model. The most interesting are
that the model predicts that:
•

Large landslides are more likely for more brittle clays, and less likely for tougher
clays, all other properties (i.e. peak strength, sensitivity) being similar;

•

Longer landslides will occur adjacent to higher riverbanks;
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•

Longer landslides will occur for more gently sloping ground above the riverbank
crest, and shorter failure surfaces will be observed for more steeply sloping
ground;

•

Landslides will terminate before reaching a reverse break in slope, such as a
ravine or an adjacent, older landslide crater; and

•

Landslides can be initiated suddenly by a single large perturbation like an
earthquake, or occur over geological timescales after a large number of annual
load cycles, being triggered finally by a seemingly innocuous small perturbation.

All of these phenomena are observed frequently in nature, and are not easily explained
by the more commonly accepted models for development of retrogressive landslides.
Thus it appears that this model is plausible and deserves further study.
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Chapter 5
Development of Progressive Failure in Sensitive Clay Slopes
This Chapter has been prepared for submission to the Canadian Geotechnical Journal
and will be submitted in 2009 as follows:
Quinn, P.E., Diederichs, M.D., Rowe, R.K. and Hutchinson, D.J. Development of
progressive failure in sensitive clay slopes. To be submitted to the Canadian
Geotechnical Journal.

5.1 INTRODUCTION
5.1.1 Background
Large, natural landslides in sensitive clay tend to originate at steep river banks and
subsequently involve significant areas of very gently sloping terrain beyond the river
bank. A typical example is shown in Figure 5-1, which shows the 1971 South Nation
River slide of eastern Ontario. In Canadian sensitive clay slopes, failure is most often
triggered by erosion (Lebuis et al. 1983), with many of the largest landslides being
triggered by earthquake shaking (e.g. Aylsworth and Lawrence, 2003, Desjardins, 1980).
These landslides are often described as retrogressive, developing as a series of
individual rotational slumps (e.g. Bjerrum, 1955). An alternative hypothesis has been
proposed by several authors, including Bernander (2000), Quinn et al. (2007b), and
Locat et al. (2008), whereby failure develops progressively upward from the river bank,
with the complete continuous failure surface forming before the initiation of noticeable
movement and disruption in the ground mass above this incipient failure plane. This
mechanism is described in detail in Chapter 4, and is illustrated in Figure 5-2.
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Figure 5-1. South Nation River slide of 1971. (Reproduced with the permission of
Natural Resources Canada 2008, courtesy of the National Air Photo Library)

Figure 5-2. Upward propagation of progressive failure.
5.1.2 Purpose
Sensitive clays are quasi-brittle under undrained loading conditions, with a pronounced
loss in strength after an initial peak for most stress paths (Lefebvre and La Rochelle,
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1974). Quasi-brittle materials can fail by propagation of localised fracture (Anderson,
1995). This Chapter uses the principles of linear elastic fracture mechanics (LEFM) to
illustrate how progressive failure can propagate in sensitive clay slopes over time, due
either to an accumulation of annual erosion cycles or the incidence of a single larger
perturbation, such as a moderate local landslide or an earthquake.
5.1.3 Scope and limitations
LEFM concepts are not commonly used to examine failure in clay slopes. In LEFM, the
analysis of the propagation of a shear fracture (i.e. shear band, or weak zone) depends
on the length of the process zone (i.e. plastic zone, or zone within which shear stress
transitions from peak strength to residual strength) ahead of the propagating shear band.
This length is a material property, and is related to fracture toughness, which is a
measure of the energy required to propagate fracture (Anderson, 1995). Fracture
toughness is a material property that is not typically measured for soils, but the length of
the process zone can be estimated from work by Tavenas et al. (1983), as shown in
Chapter 4. Note, however, that the toughness, or brittleness, of sensitive clay appears
to vary by at least two orders of magnitude for the Canadian sensitive clays tested by
Tavenas et al. (1983). The present work would therefore benefit from specific laboratory
testing of fracture toughness of sensitive clay.
LEFM may not always be a suitable analytical framework for quasi-brittle materials like
concrete or soil (Anderson, 1994). However, according to Bazant and Planas (1998),
LEFM is appropriate provided the size of the structure is large in comparison with the
length of the fracture process zone.
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This Chapter focuses on the development of the complete underlying failure surface
prior to first observable movement. The behaviour of the monolithic slab above the
failure surface after failure (i.e. translation, and potential disruption and flow) is not a
subject of the present analysis.
This Chapter examines the propagation of fracture (i.e. shear bands, or weak zones)
approximately parallel to the ground surface adjacent to a natural cut slope (e.g. river
bank), and determines the conditions for unlimited propagation (i.e. general collapse due
to propagation of fracture). The work first presents the conditions for collapse, as
interpreted from an LEFM analysis of progressive failure of overconsolidated clay slopes
by Palmer and Rice (1973). This analysis establishes the stress conditions ahead of a
developing shear band necessary to propagate failure. Next, the stress conditions
ahead of a shear band due to annual erosion cycles at the river bank and due to
potential large earthquakes are determined. These estimates of stress are then used to
determine how quickly failure can develop under several typical slope scenarios with
varying rates of river erosion and different levels of earthquake shaking. The findings of
this Chapter are believed to be generally applicable to the progressive failure of sensitive
clay slopes, and the findings may be broadly applicable to other types of slopes with
different quasi-brittle materials other than sensitive clay.
The model described in the rest of the Chapter almost certainly applies to large
landslides in sensitive clay that manifest themselves as lateral spreads. The
morphological evidence for this mechanism appears to be very clear in those cases.
The writer believes that the model most likely also applies to large landslides in sensitive
clay that manifest themselves as flow slides; however, the morphological evidence is
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less clear, and so the writer recognizes the possibility that some other mechanism may
act in those cases.

5.2 FRAMEWORK FOR EVALUATING THE POTENTIAL FOR SHEAR BAND
PROPAGATION
In fracture mechanics, the potential for failure is a function of three factors: driving
stresses, fracture toughness (i.e. a measure of the energy required to propagate
fracture), and the length of an existing weakness, or degree of accumulated damage
(Anderson, 1995). Failure propagates over time. This approach differs from classic soil
mechanics approaches which tend to assume limiting equilibrium conditions are reached
at the point of collapse, with failure occurring simultaneously along the full failure
surface. Classic soil mechanics problems are generally solved by comparing working
stresses with yield stress, whereas in fracture mechanics, both toughness and defect
size must be considered in relation to working stresses. Note, however, that there have
been some classical soil mechanics efforts to understanding progressive failure,
including Tiande et al. (1999), Law and Lumb (1978) and Potts et al. (1997).
Fracture toughness of the material determines how applicable LEFM concepts are for
analysing failure (Anderson, 1995). Very brittle materials (i.e. materials with low fracture
toughness) will fail by brittle fracture, and LEFM applies. Very tough materials are
subject to instantaneous collapse rather than progressive failure. Conventional limit load
analysis applies to these materials, and LEFM concepts are not applicable. Materials
with intermediate toughness will also fail progressively over time, but non-linear fracture
mechanics methods may be necessary. The materials with intermediate or low
toughness fail with a failure stress lower than the peak strength of the material. This
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phenomenon is typically observed in slopes that fail progressively, and Bishop (1971)
suggested that the difference between the actual safety factor back calculated based on
the mean failure stress along the failure surface and that calculated from the measured
peak strength depended on the brittleness of the clay, defined in terms of the amount of
strength loss after the peak. Sensitive clays can be very brittle, with significant loss of
strength over relatively small strains or displacements. It therefore follows that
progressive failure is possible in these materials, and that fracture mechanics
approaches should be valid for their analysis.

Figure 5-3. Conceptual model for progressive failure of clay slopes, modified from
Palmer and Rice (1973).
Palmer and Rice (1973) used the J integral (see Appendix A) method developed by Rice
(1968) to analyse the propagation of progressive failure in overconsolidated London clay
slopes, using the simplified model of a step excavated into an infinite slope to represent
a road or railway cut in a natural clay slope. Their model is illustrated in Figure 5-3. It
considers the existence of a shear band of length, L, propagating upward from the toe of
the cut, with height, h. If the slope angle, α , is made very small, this same model
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approximates the erosion of a river channel in the gentle Champlain clay plains of
eastern Canada.
One can obtain relationships for critical conditions leading to continued propagation of a
shear band, using the approach of Palmer and Rice (1973), for a slope under static
loads with the geometry given in Figure 5-3, as follows:

[5-1]

Lcr =

2 E ' hδ (τ p − τ r ) − p o h
(τ D − τ r )

where
Lcr is the critical length. Once the shear band reaches this length, it will propagate with
no additional external load;
E’ is the Young’s modulus of the clay;

δ is the nominal displacement of the clay. This is a material property defined by

δ (τ p − τ r ) = ∫ (τ − τ r )dδ . This value is some fraction of the shear displacement along a
shear surface required to fully remould the clay, δ r , and it may be considered an indirect
measure of fracture toughness;

τ p and τ r are the peak and residual shear strengths;
po is the initial at rest lateral earth pressure in the slope, averaged over the height h,
before the introduction of the cut; and

τ D is the shear stress along the line of the potential shear band due to gravity or other
driving forces, as shown in Figure 5-3.
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All of these variables can be determined with some certainty from standard laboratory
tests and slope geometry except for the nominal displacement, δ . That value requires
an understanding of the complete stress-displacement curve to the point where the fully
remoulded strength has been reached. High quality, large displacement shear tests on
sensitive clay are scarce in the literature. Stark and Contreras (1996) performed ring
shear testing on Drammen clay, but their total displacement of nearly 60 mm was likely
insufficient to reach the fully remoulded strength, since the observed residual strength
was only roughly half the peak strength. Sensitive Drammen clay would be expected to
have a much lower remoulded strength, so additional strength loss may have been
observed if the test had been continued to much larger displacements. A careful
examination of novel test data presented by Tavenas et al. (1983) suggests that values
ranging between 50 mm and 5 m might be an appropriate estimate of nominal
displacement for a range of Canadian sensitive clays (Quinn et al. 2009, Chapter 4).
The physical meaning of the nominal displacement can be understood by reviewing
Figure 5-4. Nominal displacement is calculated by dividing the area below the stressdisplacement curve, to the point where remoulded strength is reached, by the difference
between peak and residual strengths. This value is higher for materials with more
ductile behaviour, and decreases with increasing brittleness.
The utility of Equation [5-1] can be explored by considering a possible river bank carved
in the gentle sensitive clay plains of eastern Canada. Consider a bank height of 30 m
with the clay plains above the crest sloping at 0.5 degrees toward the river bank. If the
nominal displacement of the clay, δ , is 0.5 m (e.g. Saint Alban clay, from Tavenas et al.
1983, as interpreted by Quinn et al. 2009, Chapter 4), bulk density is 18 kN/m3, and peak
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and remoulded strengths are 80 and 1 kPa, respectively, then the critical length, Lcr, can
be calculated as 220 m. This means that if a shear band, or weak zone, grows through
some mechanism to a length of 220 m, it will begin to propagate under no additional
external load, resulting in general collapse of the slope. Note that the shear band
described in this section might instead be a weak zone of some nominal thickness,
rather than a shear band of negligible thickness.

Figure 5-4. Nominal displacement, δ , and brittleness.
The presence of additional driving stresses due to some external load would serve to
reduce the critical length. For example, an additional shear stress of 50 kPa reduces the
critical length to 15 m. Therefore, if an earthquake, or some other perturbation,
generates additional shear stresses along the line of the potential shear band on the
order of 50 kPa, an existing shear band of any length greater than 15 m will begin to
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propagate to failure. Similarly, a load at the river bank due to erosion may generate
additional shear stresses at the end of the 15 m long shear band on the order of 50 kPa.
In this case, the shear band can also begin to propagate, but only to the extent within
which the additional shear stresses exceed 50 kPa. The critical lengths for various
additional shear stresses for the example slope are summarized in Table 5-1.
Table 5-1. Reduced critical lengths with additional driving stresses.
Additional Driving Stress
τ (kPa)
1
5
10
20
50
100
150
200
300
500

Revised
Critical Length (m)
173.6
93.9
59.7
34.5
15.2
7.9
5.3
4.0
2.7
1.6

The following sections of this Chapter examine the magnitude of shear stresses that
would develop along the line of a potential shear band (or weak zone) due to erosion
cycles and large earthquakes. This will serve to establish the conditions under which an
existing sensitive clay slope might suffer a large landslide by progressive failure
propagating upward from the river bank.
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5.3 ADDITIONAL STRESSES AT THE TIP OF A PROPAGATING SHEAR
BAND DUE TO EROSION
5.3.1 Methodology

Figure 5-5. Semi-infinite plate with blunt-ended crack.
Consider a semi-infinite solid loaded at the free end, with an existing discontinuity (i.e.
crack, or shear band) as illustrated in Figure 5-5, and examine the potential for failure
propagation using LEFM concepts. It has been shown (e.g. Rice 1968) that this loading
condition will result in a stress concentration at the end of the crack, and finite element
analyses confirms the result. Figure 5-6 shows a typical distribution of shear stresses
near and ahead of the end of the crack under loading conditions as shown in Figure 5-5.
The crack can either be empty or filled with a softer material than the surrounding plate,
and in either case a similar result will be obtained. The magnitude of stress
concentration increases for greater differences in stiffness between the plate and filled
crack, and is greatest for the empty crack. It follows that a slope with an existing weak
zone, or propagating shear band, might have similar stress concentrations at the end of
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the weak zone. Finite element analyses were used to estimate the magnitude of such
stresses under typical loading conditions.

Figure 5-6. Spatial distribution of elastic shear stress near the tip of a weak zone or
crack.

Figure 5-7. Typical slope model for FEM analysis, 45 degree slope, 30 m high, with 150
m long existing weak zone. Bottom image shows global boundary conditions, and top
image shows mesh details near the slope and weak zone.
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Figure 5-7 shows a typical model slope, and Figure 5-8 shows the river bank in more
detail, with a sample loading condition, in this case an excavation representing a small
slope failure 10 m by 10 m into the river bank. The model boundaries were located 150
m to the left of the slope, 1000 m to the right, and 250 m below the toe of the slope.
Lateral boundaries were restrained by rollers, and the lower boundary was fixed. Each
model had approximately 12,000 to 15,000 elements. Most models were run using
three-noded triangular elements, resulting in 6,000 to 8,000 nodes. A number of models
were run with six-noded triangular elements, but the differences in behaviour were
negligible, so three-noded elements were used in most cases.

Figure 5-8. Close-up view of slope detail showing excavation representing river erosion
or a small landslide 10 m by 10 m.
The tip of the weak zone is shown in Figure 5-9. The slope is 30 m high, standing at 45
degrees, possible values for relatively high river banks in Canadian sensitive clay
deposits. The gentle plains above the river bank slope at 0.5 degrees toward the river.
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An existing weak zone 0.3 m thick extends 150 m inward from the toe of the slope,
extending at 0.5 degrees, parallel with the ground surface. An excavation is made at the
river bank after gravity loading, and in this case extends 10 m inward, resulting in an
excavation volume of 50 m3. The upper 10 m of the model below the ground surface is
comprised of a stiff clay crust, with a Young’s modulus, E, of 20,000 kPa, reflecting an
undrained shear strength of approximately 160 kPa and Poisson’s ratio of 0.49. The unit
below the stiff clay crust is a softer clay with E = 10,000 kPa. The weak zone is 100
times softer, with E = 100 kPa, corresponding to fully remoulded conditions along the
propagating shear band for a remoulded strength of 1 kPa. The whole length of the
weak zone was fully weakened to the remoulded strength as a simplifying assumption.
In reality, there may be some variation in shear strength and stiffness along the weak
zone, however consideration of this variation is beyond the scope of the present study.

Figure 5-9. Close-up view of end of weak zone.
The model was analysed for weak zones with lengths, L, of 50, 80, 100, 150 and 200 m,
and for excavations with length, Lex, of 3, 5, 10, 20 and 21.5 m. These excavation
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lengths correspond with excavation volumes, Vex, of 4.5, 12.5, 50, 200 and 231 m3,
respectively, since the assumed excavations are triangular with height approximately
equal to Lex.
The dimensions, L and Lex, are illustrated in Figures 5-7 and 5-8. Variation of these
parameters allowed the interpretation of relationships between stress at the end of the
weak zone and excavation size or length of weak zone. All analyses were conducted
assuming elastic material behaviour, which is appropriate for small strain undrained
loading of clay, and is considered suitable for the purpose of estimating the stress
concentration associated with sudden loads at the river bank, such as annual erosion
cycles associated with the spring freshet, and secondary erosion cycles associated with
the wet fall season (Lebuis et al. 1983).
The subsequent analysis assumes that the river bank geometry remains constant, when
in fact it will be modified with each cycle of erosion. It is assumed that the river bank will
migrate some distance over time, but that it will tend to maintain roughly the same
geometry, on average, over time. The removal of soil with each new erosion cycle may
therefore not always occur at the toe of the riverbank, but might rather occur somewhere
else up the slope, as the bank seeks to re-establish a stable slope angle. It can be
shown that the stresses at the end of the weak zone are relatively insensitive to the
location on the slope where the excavation occurs, particularly for longer weak zones.
The assumption that each load cycle occurs at the toe, while geometrically invalid in
many cases, is considered an acceptable simplification.
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5.3.2 Results
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Figure 5-10. Shear stress beyond the end of the weak zone (100, 150 and 200 m long
weak zones, 231 m3/m excavation, Young’s modulus 10,000 kPa in soft clay, 100 kPa in
weak zone).
Finite element analyses show a bulb of elevated shear stress at the end of the weak
zone for all excavations at the river bank, with peak stress occurring about 0.1 m ahead
of the tip, and stresses dropping with additional distance. Peak stress ahead of the tip
increases with the volume of excavation (i.e. 0.5(Lex)2, where Lex is illustrated in Figure
5-8), and decreases with length of the weak zone (i.e. L, as illustrated in Figure 5-7) in
non-linear fashion. The rate of decrease of shear stress away from the tip past the peak
value at 0.1 m is independent of both excavation size and length of the weak zone.
Figure 5-10 shows typical distributions of shear stress ahead of the tip of the weak zone.
All stress distribution curves have the same general shape, with stresses varying
according to magnitude of driving stress (i.e. size of the excavation) and length of the
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weak zone, and tapering off away from the tip according to the same general function of
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Figure 5-11. Peak shear stress ahead of the end of the weak zone versus excavation
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Figure 5-12. Peak shear stress ahead of the weak zone versus length of the weak zone,
L (21.5 m excavation length), with interpreted best fit power law trend.
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Figure 5-13. Shear stress distribution beyond the end of the weak zone for different
length (L) weak zones (Lex = 21.5 m excavation).
Figure 5-11 shows the relationship between peak shear stress ahead of the tip and
volume of excavation at the river bank, Vex. Figure 5-12 shows the relationship between
peak shear stress ahead of the tip and length of the weak zone, L, with peak shear
stress varying according to a power law. Figure 5-13 shows the relationship between
shear stress and distance ahead of the weak zone for different length weak zones, L.
Synthesis of the results shown in Figures 5-11 to 5-13 allows the interpretation of the
following relationship for shear stress ahead of the tip of the weak zone:
[5-2]

τ xy ( x) ≅ 2700Vex0.56 L−1.5 x −0.46

where Vex = volume (m3/m) of excavation at the river bank (i.e. erosion) associated with
one erosion cycle;
L = length (m) of the weak zone; and
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x = distance (m) ahead of the tip of the weak zone.
This relationship is valid for x > 0.1 m. Shear stresses drop closer to the tip of the shear
band, and so the relationship is not valid at shorter distances. Equation [5-2] can be
reorganized to obtain a relationship for the distance within which a specified shear stress
will be observed ahead of the weak zone:

[5-3]

xτ = [

2700Vex0.56 2.2
]
τ xy L1.5

Equation [5-2] can be used to estimate the shear stresses at any point directly ahead of
the shear band, and Equation [5-3] can be used to estimate how far a given value of
excess shear stress is observed ahead of the shear band, for any combination of shear
band length and excavation size. These will be used subsequently to explore the
potential for shear band propagation over time due to an accumulation of small load
cycles or the sudden occurrence of one large perturbation.

5.4 ADDITIONAL STRESSES IN A SLOPE DUE TO EARTHQUAKE LOADING
5.4.1 Methodology
The Saint Lawrence Lowlands of eastern Canada, which contain extensive deposits of
sensitive Champlain clay, are confined largely within the Saint Lawrence and OttawaBonnechere grabens, which are rift valleys bounded by zones of normal faulting
(Tremblay et al. 2003). These areas are seismically active, so that the areas of sensitive
clay in eastern Canada are subject to elevated seismic hazard in comparison with much
of the rest of Canada. Figure 5-14 shows design spectral acceleration values for a
period of 1 second for eastern Canada from Halchuk and Adams (2008). The locations
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of a number of landslides believed to have been triggered by earthquakes are also
shown in that Figure.

Figure 5-14. Spectral acceleration for a period of 1.0 seconds in southeastern Canada at
a probability of 2%/50 years for firm ground conditions (NBCC soil class C), redrawn
from Halchuk and Adams (2008), with locations of landslides known to have been
triggered by earthquakes.
Many of the largest landslides in sensitive clay in eastern Canada are thought to have
been triggered by large earthquakes (e.g. Aylsworth and Lawrence, 2003 and Desjardins
1980). This includes a number of extremely large ancient landslides east of Ottawa
dated to a probable single event some 4500 years before present (YBP) according to
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Aylsworth and Lawrence (2003), several very large features near Shawinigan dated by
Desjardins (1980), and a number of large landslides thought to be associated with the
1663 Charlevoix earthquake, including a very large landslide within which the 1971
Saint-Jean-Vianney slide occurred (Leggett and LaSalle, 1978). The 1663 earthquake is
believed to have been magnitude 7 (M7), whereas a 7000 YBP event that triggered a
small number of additional landslides east of Ottawa has been tentatively estimated as
M6.5 or greater (Aylsworth and Lawrence, 2003). Aylsworth and Lawrence (2003) have
estimated that M5.9-6.0 represents an approximate lower threshold for the occurrence of
large earthquake-triggered landslides based on observations of landslides associated
with a number of moderate (M5.3 to M6.3) historic eastern Canadian earthquakes. For
example, Lefebvre et al. (1992) identified a number of small landslides in southern
Quebec associated with the 1988 Saguenay earthquake (M5.9). That event did not
trigger any known large retrogressive earthquakes.
The 2005 version of the National Building Code of Canada (NBCC, National Research
Council 2005) identifies uniform seismic hazard spectra for Canadian sites, specifying an
annual probability of 2% in 50 years (1/2500 per annum) for structural design. Atkinson
and Beresnev (1998) developed simulated ground motion time histories that could be
used for dynamic modelling purposes based on the design criterion of 10% in 50 years
(1/500 per annum) in the previous (e.g. 1995) version of the NBCC. These time
histories have appropriate amplitude and frequency content for the old uniform hazard
spectra. In the Ottawa area, for example, an M5.5 earthquake 30 km away (M5.5R30)
scaled at 0.8 (i.e. amplitude of the acceleration time history is reduced to 0.8 times that
of the full record) addressed the short period component of the design uniform hazard
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spectrum, and M7R150 at 0.7 addressed the long period component. Additional time
histories updated by Atkinson and Beresnev in 1999 for the 2005 Code were obtained
from Atkinson (personal communication 2008). For Ottawa, for example, M6R30 x 0.8
and M7R70 x 0.8 combine to address the long and short period components of the 2005
design hazard.
Note that the simulated earthquake acceleration-time histories provided by Atkinson
contained four different records for each design event, to account for the natural
variability in amplitude and frequency content associated with different earthquakes of
the same magnitude.
The earthquake events thought to have triggered the large landslides mentioned in the
preceding paragraphs were likely larger than these design events, or rather were
perhaps similar to these events without reduction by the scaling factor. The earthquake
records (i.e. M6R30 and M7R70), both with and without scaling factor reductions, are
therefore believed to represent a reasonable first estimate of the lower threshold of
earthquake shaking likely to lead to widespread occurrence of large landslides. These
events are therefore used for much of the analyses reported in this Chapter.
The simulated earthquake records were used to estimate the amplification of ground
shaking upward through the soil column, with a particular emphasis on obtaining the
magnitude of cyclic shear stress at the elevation of a potential shear band propagating
inward from the toe of a river bank. Several different bank heights, and corresponding
depths of shear band, were considered, and several different soil profiles were
examined. Four different cases were considered for most scenarios: M6R30 x 0.80,
M6R30 x 1.0, M7R70 x 0.80, and M7R70 x 1.0. Generally, a single trial record was used
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for analysis (i.e. Atkinson’s “trial 1” record), however, in selected cases, all four trial
records were used to obtain an appreciation of uncertainty.
Additional cases of strong motion were considered to represent probable shaking at
known landslide locations due to the 1663 Charlevoix earthquake (M7). Landslides at
Saint-Jean-Vianney and Shawinigan occurred about 105 and 225 km, respectively, from
the earthquake. M7R105 and M7R225 records were not available from Atkinson (pers.
comm. 2008), so the M7R100 record was used, with scaling factors of 0.85 and 0.32,
respectively, to obtain the approximately correct peak ground acceleration, as
determined by comparing peak ground acceleration with distance for the R10, R15, R20,
R25, R30, R40, R50, R70 and R100 scenarios for the M7 event. Note that this
approximation should be reasonable for Saint-Jean-Vianney, but the frequency content
of the record might not be appropriate for the Shawinigan location. Nevertheless, it
serves as a useful case for first examination.
Numerous stratigraphic profiles were examined to reflect the variability in soil conditions
throughout the Saint Lawrence Lowlands. Actual overburden thicknesses at the
Aylsworth and Lawrence (2003) landslides is approximately 24 +/- 14 m near the
headscarps, as interpreted from thickness data provided by Natural Resources Canada
(2004). Overburden thickness at the Saint-Jean-Vianney and Shawinigan landslides has
been similarly estimated as 44 +/- 5 m and 40 +/- 6 m, respectively. Total thickness of
the modelled soil column was therefore varied from 20 to 60 m to cover this range of soil
thicknesses. The soil column was either soft clay directly over bedrock, or an upper soft
clay unit with stiffer soil (e.g. stiff clay or till) between the upper soft clay and underlying
bedrock.
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Shear wave velocities for soft clay were estimated based on the following relationship
from Hunter et al. (2007):
[5-4]

vs = 110.3 + 5.179 z 0.871 + / − 55.4

where z is depth below the ground surface, in metres, and shear wave velocity is in m/s.
Bedrock was assumed to have a shear wave velocity of 2500 m/s. Stiffer soils between
the soft clay and bedrock, when included, were assumed to have a shear wave velocity
of 500 m/s at the top of the stiffer unit, increasing by 5-10 m/s per m of thickness.
The reduction in shear modulus with strain (i.e. G/Gmax) was based on the relationship
obtained for Leda clay by Anderson and Richart (1976). The relationship between
damping and strain was based on the average relationship for clay reported by Seed
and Idriss (1970).
All analyses were conducted using SHAKE91 (Idriss and Sun, 1991), accessed through
the SHAKE2000 interface (Ordonez, 2008). The SHAKE2000 interface was used for
rapid adjustment of input parameters into SHAKE91, and detailed calculations were
conducted by the SHAKE91 analytical engine.
SHAKE91 computes the response of a semi-infinite horizontally layered soil deposit
overlying a uniform half-space to vertically propagating shear waves, using a onedimensional wave propagation method (Schnabel et al. 1972). The program derives a
continuous solution of the wave equation adapted for fast Fourier transform techniques.
The analysis is performed in the frequency domain, and the analysis is linear. An
iterative procedure is used to account for non-linear behaviour, as would be encountered
for real soils under strong ground motions. Non-linearity is captured in the model by
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using strain-dependent values for shear modulus and damping. Initial values of shear
modulus and damping are assumed in the first iteration, and the analysis is repeated
until strain-compatible modulus and damping values are reached. A strain-compatible
solution is generally reached within five to eight iterations. Additional detail is available
in Idriss and Sun (1991) and Schnabel et al. (1972).
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5.4.2 Results
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Figure 5-15. Amplification of peak ground acceleration versus thickness of soft clay for
various earthquake magnitudes (e.g. M6 and M7) at various distances (e.g. R = 30 or 70
km) and different scaling factors (e.g. 0.8 or 1.0).
Earthquake motions propagating upward from bedrock through a column of very soft soil
may amplify, resulting in higher peak ground accelerations at the ground surface, in
comparison with the motion at the underlying bedrock. Amplification of peak ground
acceleration for different thicknesses of soft clay over bedrock are shown in Figure 5-15
for the long period (i.e. M7R70) and short period (i.e. M6R30) events at full strength and
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scaled to 0.8. Note that the variation with depth is not a uniform function, but rather has
peaks at specific depths, and the trends are different for the two different events.
Response to upward propagating shear waves depends on the frequency and amplitude
content of the input motion as well as the resonant characteristics of the soil column.
For a given input motion with certain dominant wavelengths, the response will peak for
different soil column lengths as a function of both input wavelength and soil stiffness.
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Figure 5-16. Cyclic shear stress with depth (M6R30 x 0.80, 40 m of soft clay over
bedrock)
Ground amplification may result in large shear stresses in the soil column, varying with
depth, strength and frequency content of ground shaking, and characteristics of the soil
column (e.g. thickness, stiffness). A typical profile of earthquake-induced shear stress is
presented in Figure 5-16, which shows peak shear stress with depth for a M6R30 event
scaled to 0.80 applied to bedrock below 40 m of soft sensitive Champlain clay. Shear
stresses in the region of interest, namely 20 to 40 m, which corresponds to typical river
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bank heights, range from about 60 to 90 kPa. Similar values are observed for depths of
10, 20 and 30 m for the four primary design events (i.e. M6R30 and M7R70 x 0.8 and
1.0). Figure 5-17 shows shear stress at 20 m depth for different thicknesses of soil
column for the four design events. The relationships at 10 and 30 m depth have similar
magnitudes of shear stress. Note that shear stress generally increases with depth (i.e.
from 10 to 30 m), but the relationship with thickness of the soil column is more complex,
varying both with thickness and the nature of ground shaking (i.e. the long period versus
short period design events). This is a result of the changing resonant characteristics of
the soil column with stiffness and thickness, as discussed earlier in relation to ground
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Figure 5-17. Shear stress at 20 m depth for different thicknesses of soft clay and
different design events.
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Ground amplification and the resulting shear stress profile also vary with the nature of
the soil profile, in addition to its thickness. Figure 5-18 shows shear stress at 20 m
depth for 30 m of soft clay that is either directly over bedrock, or with 20 or 30 m of stiffer
soil (stiff clay or till) between the soft clay and bedrock. It can be seen that shear
stresses are higher – by close to 20 % - for the case of 30 m soft clay over 30 m of stiff
soil and the M6R30 event. The difference is less significant for the M7R70 event, which
has a greater proportion of low frequency content. Figure 5-19 shows shear stress with
depth for two different profiles of 60 m thickness: 30 m soft clay over 30 m stiff soil, and
60 m of soft clay directly on rock. Shear stresses are greater for the mixed profile in
comparison with 60 m of soft clay, and the difference is substantially greater for the
M6R30 event, which has a greater proportion of high frequency content than the M7R70
event.
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Figure 5-18. Shear stress at 20 m depth with stiff soil of different thickness between soft
clay and bedrock.
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Figure 5-19. Shear stress with depth for 60 m soft clay over rock and 30 m soft clay plus
30 m stiff soil over rock.
The preceding analyses may give some insight into the likely ground motions and shear
stresses associated with the 4500 YBP Ottawa-east (~ M6-6.5) and 1663 Charlevoix
(M7) earthquakes at 30 to 70 km distance. Additional analyses were conducted to
determine the potential shear stresses at 30 m depth (i.e. a typical river bank height) at
105 and 225 km from the Charlevoix earthquake. This provides a first indication of the
possible strength of a potential earthquake trigger that caused landslides in Saint-JeanVianney and Shawinigan, respectively, in 1663. Shear stresses at 30 m depth for a
M7R70 x 0.85 event in 45 m of soft clay (i.e. Saint-Jean-Vianney) would have been
approximately 75 kPa. Similarly, shear stresses at 30 m depth for a M7R70 x 0.32 event
in 40 m of soft clay (i.e. Shawinigan) would have been approximately 27 kPa.
Recall now that the simulated earthquake records used in this analysis contained four
different trial simulations for each event. All four trials were applied to the case of 40 m
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of soft clay over bedrock, and shear stresses at 10 m depth were compared for the
various trials. The range between calculated shear stresses suggests an average
uncertainty of about 13 % (one standard deviation about the mean).

5.5 DEVELOPMENT OF PROGRESSIVE FAILURE OVER TIME
Consider a natural slope in sensitive clay comprised of a river bank carved in otherwise
gentle clay plains. The river bank is 30 m high and stands at about 45 degrees. The
clay plains above the river bank slope toward the river at 0.5 degrees. At the elevation
of the toe of the slope, peak and residual shear strengths are 80 kPa and 1 kPa
respectively. The nominal displacement of the clay, δ , is 0.5 m, which is similar to the
value interpreted by Quinn et al. (2009, Chapter 4) for Saint-Alban clay from data from
Tavenas et al. (1983). Equation [5-1] yields a critical length, Lcr, of 220 m. This implies
that an existing shear band (or weak zone) of that length would propagate further under
no additional external load. Using Equation [5-1] again, one can calculate the critical
length for the same slope under additional stresses near the shear band tip, due either
to local loads at the river bank (e.g. erosion cycles) or an earthquake, for example. A
range of values are presented in Table 5-1, and these are shown graphically in Figure
5-20. A power law best fit curve suggests that for this scenario:
[5-5]

τ D = 1150 L−1.23 − 1.49( L L )
cr

where τ D is the driving stress required to initiate failure propagation for a given length, L,
of the shear band. The second term is included to force the driving stress to zero in the
best fit power law when length, L, reaches the critical length for the slope. That is, the
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calculated driving stress required to propagate failure should be zero when the shear
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Figure 5-20. Critical length (Lcr) versus additional driving stress (τ d ).
It is now possible to examine weak zone propagation under different loading conditions.
Consider the same slope described above, but assume the existence of a 10 m long preexisting weakness, as a first example. The occurrence of a sudden erosion event will
cause an undrained load to be transmitted to the end of the weak zone. Assume the
erosion event has removed a volume of soil from the slope extending 1 m into the river
bank, which equates to 0.5 m3 of soil removed per metre length along the river. Given
the prior existence of the 10 m weak zone, Equation [5-5] shows that an additional shear
stress of 67 kPa is sufficient to propagate failure. Equation [5-3] indicates that this shear
stress is exceeded for 1.9 m ahead of the end of the weak zone, given the its current
length and the magnitude of the erosion cycle. This erosion event will therefore cause
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the weak zone to grow by 1.9 m as a result of this sudden load. In this case, a relatively
small erosion event (0.5 m3) has caused an existing weakness of moderate length (10
m) to grow by nearly 20 %. Similar analyses for different loading conditions and different
lengths of weak zone show that a weak zone of any length will grow incrementally by
some distance provided the load is sufficiently large.
Now consider the same slope, but starting with a 1 m long weak zone, to examine
growth of an existing weakness of negligible length, as might exist at the onset of river
erosion. This slope will be subject to a large number of load cycles over time. Assume
these load cycles occur with a random distribution of size, Lex (i.e. horizontal length of
erosion into the river bank for a triangular excavation, as shown in Figure 5-8),
corresponding to a Poisson distribution with maximum value 3 m and mean value 0.83
m. This corresponds with an average volume of 0.34 m3/m per erosion cycle, and
maximum volume of 4.5 m3/m.
It is possible to calculate the incremental growth of the weak zone due to each load
cycle, and plot the progress of its growth, following the same logic described for the 10
m weakness previously. Figure 5-21 shows the progressive growth of the weak zone
with an accumulation of random load cycles over time. In this specific case, the weak
zone propagates to failure after 264 load cycles. Figure 5-21 also shows the additional
shear stress due to external forces required to propagate failure, and this value
decreases as the weak zone grows. If a single erosion cycle occurs each year, with a
random size according to the assumed distribution, then this slope would be expected to
fail suddenly about 264 years after the initiation of this pattern of erosion.
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Figure 5-21. Length of failure surface and corresponding shear stress required for
propagation of failure.
It can be seen that the growth of the weak zone occurs in three distinct stages. Initially,
when the weak zone is short, propagation occurs very quickly. Subsequently, it slows,
stabilizing to a roughly constant rate. Finally, as the weak zone approaches its critical
length for conditions under no external loads (i.e. 220 m), the growth rate accelerates
until failure occurs suddenly after a final small load increment. At this point, the volume
of accumulated erosion (112 m3) is the equivalent of approximately 3.7 m of lateral
migration of the river bank (i.e. assuming the total eroded volume forms a parallelogram,
and migration distance is 112 m3/30 m), if one assumes the river bank maintains the
same approximate profile over time as it advances inward with the accumulation of
individual erosion cycles, which may affect different parts of the bank each year. Note
that since the river bank will have moved over time due to the accumulated erosion, the
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actual length of the weak zone would be only about 220 m after about 260 load cycles.
Actual failure might therefore be delayed somewhat beyond 260 load cycles. However,
this method is intended to estimate approximate length of the weak zone and
approximate number of cycles to failure, and the potential error does not affect the result
substantially.
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Figure 5-22. Random distributions of 50,000 erosional load cycles.
Consider now three different rates of erosion for the same slope and same initial
weakness 1 m long: mild, intermediate, and aggressive. The mild erosion case
corresponds to that described above, and the intermediate and aggressive erosion
cases correspond to average annual erosion loads equivalent to excavating volumes of
0.6 and 1.0 m3, respectively. Figure 5-22 shows the distribution of random load cycles
for these mild, intermediate and aggressive erosion cases applied to the model. Figure
5-23 shows the interpreted growth of the weak zone with accumulated erosion cycles for
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these three erosion scenarios. The intermediate and aggressive erosion cases result in
failure after 140 and 90 load cycles, respectively, corresponding to total erosion of about
105 m3/m (being slightly higher for the intermediate case), or the equivalent of about
3.5 m of bank migration. Failure therefore appears to depend on the total volume of
erosion at failure, which is nearly independent of rate of erosion, decreasing slightly with
a moderate increase in erosion rate (i.e. 112, 107 and 104 m3 for the mild, moderate and
aggressive erosion cases). Failure occurs more quickly for the faster erosion rates,
varying with L IN

−2.2

, where LIN is the mean annual inward advance of the river bank due

to an accumulation of erosion cycles, or varying nearly linearly with the inverse of the
mean annual volume of erosion.
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Figure 5-23. Growth of failure surface for different rates of erosion.
Consider now the occurrence of a small landslide, equivalent to a single excavation
removing 50 m3 of soil per m along the river (i.e. landslide extending 10 m into the river
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bank), occurring after 80 load cycles under otherwise mild erosion conditions. The
growth of the weak zone under this scenario is shown in Figure 5-24, in comparison with
the aggressive erosion conditions described previously. This event causes a sudden
growth of the weak zone, and reduces the duration to ultimate failure from about 260 to
110 load cycles. Note that if this landslide involved 112.5 m3/m instead of 50 m3/m (i.e.
landslide extending 15 m into the riverbank instead of 10 m), the induced shear stress
would be sufficient to trigger ultimate failure, given the length of the weak zone at that
time.

Length of Weak Zone (m)

250
10 m landslide
at river bank

200
150

M6 earthquake
at 30 km

100
50

Mild Erosion Rate
Intermediate Erosion Rate
Aggressive Erosion Rate

0
0

50

100

Number of Load Cycles

150

Figure 5-24. Growth of failure surface – mild erosion with 10 m landslide compared with
moderate erosion with earthquake and aggressive erosion with no other perturbation.
Careful examination of Figure 5-21 shows that shear stresses extending throughout the
slope, well beyond a small stress concentration bulb at the end of the weak zone, due to
earthquake shaking, could trigger failure at any time, provided the induced shear
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stresses are high enough. Further, the threshold shear stress for earthquake triggering
of large landslides reduces over time as the weak zone grows due to annual erosion
cycles. Figure 5-24 shows the growth of a weak zone under intermediate erosion
conditions, but in this case, the slope is subjected to strong shaking after 125 erosion
cycles due to a M6 earthquake located 30 km away. The induced cyclic shear stress is
sufficient to propagate failure, and in fact an M6R30 earthquake, a very significant event
generating 94 kPa shear stress at 30 m depth, would be sufficient to trigger failure after
only four erosional load cycles for the example slope. By contrast, an M7R100 x 0.32
event, corresponding to the magnitude of shaking during the 1663 Charlevoix
earthquake at Shawinigan, 225 km from the epicentre, would result in 27 kPa for the
example slope, assuming 40 m of soft clay over bedrock. This stress would be sufficient
to trigger failure of this example slope after 12 erosion cycles had occurred.
These results are sensitive to the brittleness of the clay, as represented indirectly by the
nominal displacement, δ . A significantly larger number of erosion cycles would be
required to pre-condition the slope for failure if it were increased from 0.5 m to 1 m or
more. For example, the same slope scenario with δ = 0.8 m results in a calculated
critical length, Lcr, of about 570 m, and it takes about 5000 erosion cycles to obtain
failure under the aggressive erosion rate (i.e. mean rate of 1 m3/m of erosion per year).
The Charlevoix earthquake could trigger a large landslide any time after 13 erosion load
cycles. 5000 erosion cycles would result in about 5000 m3/m of erosion, or
approximately 170 m inward advance of the river bank (i.e. 5000 m3/30 m). The amount
of required bank migration would appear to suggest that propagation to failure is not
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likely in this case under erosion loads alone; however, a large earthquake could
potentially cause failure.

5.6 DISCUSSION
5.6.1 General
This Chapter has used a linear elastic fracture mechanics approach to describe
progressive failure in sensitive clay slopes. The potential for propagation of failure
depends on a number of factors as outlined in Equation [5-1], including those relating to
slope geometry (i.e. slope height, active earth pressure and driving stress) and soil
properties (i.e. stiffness, peak and residual strength, and nominal displacement). This
model involves consideration of brittleness, or toughness, of the soil, as expressed
indirectly by the nominal displacement, δ , introducing a different dimension to the
analysis of failure beyond those typically considered in soil mechanics problems (i.e.
available strength and working stresses only).
Elastic finite element modelling confirms the prediction of analytical models that a load
applied at a river bank will be felt as a concentrated load at the end of a weak zone, or
shear band, extending inward from the toe of the slope. The shear stress ahead of the
weak zone is an important consideration in the evaluation of potential for its continuing
propagation. This stress decreases with distance ahead of the tip as an inverse power
law, and is a linear function of the peak stress observed just ahead of the end of the
weak zone. This peak stress varies as a power law with the volume of a single erosion
event into the river bank, and with the length of the weak zone as an inverse power law.
These relationships can be combined to develop a unifying relationship between shear
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stress and distance ahead of the weak zone given the magnitude of erosion and length
of the weak zone, as presented in Equation [5-2]. This relationship can be rearranged
(Equation [5-3]) to determine the distance ahead of a propagating weak zone within
which some specific stress will be felt, given an erosion event of known magnitude.
The model has been applied to a typical slope to determine the rate of weak zone
propagation under different erosion scenarios. The additional stresses at the end of the
weak zone due to an annual erosion cycle can force the propagation of failure by some
incremental distance. The weak zone growth rate, expressed in incremental magnitude
of growth per load cycle, is seen to be a function of the erosion rate, varying nearly
linearly with the inverse of annual volume of erosion. The rate of weak zone growth is
also very sensitive to the brittleness of the clay, being much higher for lower values of

δ . A single small landslide larger than the typical annual erosion event may also result
in either a sudden increase in weak zone length, or could serve as the final trigger for
catastrophic failure.
Strong ground shaking due to earthquakes can cause substantial additional shear stress
in a slope. The magnitude of these stresses depends on frequency and amplitude
content of the earthquake motion, thickness of soil over bedrock (i.e. generally
increasing with increasing thickness), and potential existence of a stiffer soil unit
between the upper soft clay and underlying bedrock (i.e. generally increasing with the
presence of a stiffer interface). Slopes with an existing weakness, or shear band, of
finite length may be subject to sudden failure due to the occurrence of moderate to large
earthquakes. The potential for failure depends on the stage of development of the
existing weak zone, and the brittleness of the soil. The potential for a given earthquake
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to trigger large landslides therefore depends on its magnitude as well as the current
state of erosion along rivers within the range of influence of the earthquake.
These general findings lead to some interesting observations. The pattern of weak zone
growth illustrated in Figures 5-21 and 5-23 show three distinct stages of development,
and resemble the three stages of creep. Sensitive clay slopes are known to creep to
failure by local rotational landslides, as documented by Lefebvre and La Rochelle (1974)
and Lefebvre (1981). The pattern of weak zone growth over time also resembles the
growth of fatigue cracks under cyclic loads, as documented by, for example, Weibull
(1963). The process of accumulating load cycles at a river bank adjacent to an existing
shear band or weakness is a reasonable analog for a metal test specimen with an
existing crack subjected to repetitive loading, so this similarity in predicted behaviour is
very interesting. The final stage of weak zone growth deserves additional consideration.
The model predicts a gradual acceleration in weak zone growth, with catastrophic failure
occurring some time after growth begins to accelerate. This is a common phenomenon
with slow moving large landslides, suggesting the model may be broadly applicable for
other types of large progressive landslides.
5.6.2 Simplifications and Limitations of the Model
The preceding explanation of the proposed mechanical model has made a number of
simplifying assumptions, the following of which are discussed in subsequent paragraphs:
•

Behaviour, on the scale of the landslide, is linear elastic in response to the
contemplated loads, so that linear elastic fracture mechanics concepts are
applicable;
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•

The imposed loads are sudden, with stresses being transmitted instantaneously
along the weak zone to its end;

•

The weak zone has been assumed to be 0.3 m thick; and

•

Specific assumptions have been made about shear strength along the weak
zone after weakening due to sudden loads, including:
o

The reduced strength is constant along the full length of the weak zone,

o

The fully remoulded strength has been obtained, and

o

No strength gain occurs between load cycles.

Sensitive clays are viscoplastic materials, with significant rate effects, and strain
weakening behaviour for many stress paths and stress conditions. The assumption of
linear elastic behaviour is only appropriate for small strains when the loads are applied
for a short duration. According to Anderson (1995), LEFM methods are applicable for
materials that are not ideal brittle materials provided the length of the end zone, ω , is
small in relation to the scale of the whole landslide. This assumption will generally hold
true for the more brittle sensitive clays, where the nominal displacement is very small. In
cases where tougher clays are encountered, non-linear fracture mechanics may be more
appropriate.
It is implicitly assumed that loads imposed at the river bank are transmitted
instantaneously to the end of the weak zone. This assumption isn’t necessary, as it is
not important when the loads are felt at the end of the weak zone, but rather simply that
they are felt. Given that sensitive clay is viscoplastic, one might expect some time lag
between erosion cycles (for example) and loads being felt at the end of the weak zone.
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Further, the nature of the load might be changed during its propagation along the weak
zone. Nevertheless, the basic idea that a load at the river bank will result in elevated
shear stresses at the end of the shear band is still valid. Note further that nothing has
been assumed about the rate of loading, apart from the fact that it is sufficiently fast to
constitute an undrained load, so pore pressures will not dissipate during the loading. In
considering the release of dry slab avalanches in snow (which has similar properties to
sensitive clay, being rate sensitive and brittle), Schweizer (1999) showed that the critical
length, Lcr, depends on rate of loading, being shorter for faster loading rates. Therefore,
if the load is sufficiently sudden, it follows that the potential for failure propagation may
be greater.
A 0.3 m thick weak zone has been assumed for ease of modeling, but the actual
thickness can be expected to vary substantially, being controlled by stratigraphic
characteristics (i.e. thickness of an existing soil layer that is slightly weaker than the
surrounding soil). Note that the weak zone may be either thicker or thinner than this.
Preliminary finite element analysis shows that the peak shear stress ahead of the
propagating weak zone due to a load at the river bank is a complicated function of weak
zone thickness, and the distance over which elevated stresses are observed also varies
with the thickness of the weak zone. This result is illustrated in Figure 5-25. Peak stress
increases from 0.5 m thickness to 0.8 m, and thereafter decreases with further increases
in thickness. However, the elevated shear stresses are felt further for increasing
thickness. Therefore, if a weak zone is 1 m thick, elevated shear stresses will be felt
much further than assumed in the preceding analysis, leading to an increased likelihood
of propagation. The opposite is true for narrower weak zones; however, the weak zones
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observed in practice (i.e. as reported in Chapter 4) tend to be thicker than 0.3 m rather
than thinner, generally about 1 m or more.

Shear Stress (kPa)

Shear Stress ahead of a Weak Zone
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0.8 m thick

300

1.5 m thick

250
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100
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0
0
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8

10

Distance from the end of the Weak Zone (m)
Figure 5-25. Shear stress ahead of the weak zone for various weak zone thicknesses.
The model assumes that the weak zone has a reduced strength that is constant along its
full length. This assumption isn’t necessary, but is convenient for modeling purposes.
Several variations of the model were tested with the shear strength in the weak zone
transitioning to the fully reduced strength in distinct steps. The results are summarized
in Table 5-2. It can be seen that if shear strength is higher along the most of the weak
zone than the assumed 1 kPa, peak shear stress ahead of the weak zone is lower. For
example, if the remoulded strength is limited to the final 15 m of the weak zone, and
strength quickly transitions up to 60 kPa and higher, the peak stress ahead of the the
weak zone is nearly 40 % of that with a fully remoulded weak zone (i.e. 9 kPa versus 24
296

kPa). The assumption of a constant shear stress along the weak zone therefore does
not limit the applicability of the model; however it appears that the number of load cycles
to failure could be larger than demonstrated earlier in the paper if shear strength varies
along the weak zone, being higher toward the free face at the river bank.
Table 5-2. Shear stress at the end of the weak zone for different shear strength profiles
along its length. 150 m long weak zone, and 10 m long excavation into the river bank.
Undrained Shear Strength (kPa) for position along the weak zone

Peak Shear

(0 m represents the toe of the river bank)

Strength (kPa)

0 to 20 m

20 to 70 m

70 to 110 m

110 to 135 m

135 to 150 m

ahead of the
Weak Zone

1

1

1

1

1

24

60

10

1

1

1

17

60

60

10

1

1

12

100

60

60

10

1

9

20

20

20

20

20

5

50

50

50

50

50

3

The modeling presenter earlier assumes that the constant shear stress along the weak
zone is equal to the fully remoulded strength of 1 kPa. While convenient for illustrating
the concept, this assumption is also not essential. As shown in Table 5-2, substantial
additional shear stresses are still felt ahead of the end of the weak zone for higher
strength values along the weak zone, although they are significantly lower than if
remoulded strength is assumed.
Consider the case where shear strength along the weak zone is 50 kPa. In this case,
the induced shear stress ahead of the weak zone is still substantial, being greater than
10 % of the base case (3 kPa as compared with 24 kPa). The amount of displacement
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required to achieve this amount of strength loss is roughly 5 to 10 % the displacement
required to obtain the remoulded strength for the clays tested by Tavenas et al. (1983),
as reported in Chapter 4. The nominal displacement is therefore roughly 10 % of the
values calculated in Chapter 4, and the potential for weak zone propagation can be
recalculated on that basis. In this specific case, the reduced strength used in the
analysis (i.e. 50 kPa) is higher than the gravitationally induced shear stress for typical
settings in Champlain clay (including the example slope 30 m high, with 0.5 degree dip
toward the river), so unbounded failure propagation could only occur with sufficient
additional shear stresses being widespread (e.g. from an earthquake). However,
seasonal loads causing additional shear stress within a limited extent could still force the
weak zone to grow due to each sufficiently large load cycle. It is therefore not necessary
to assume fully remoulded strength in order for the model to work.
Consider now a different example slope, 15 m high, standing at about 45 degrees, with
the ground surface above the river bank dipping toward the river at 1.5 degrees.
Assume peak and residual shear strengths of 80 and 5 kPa, and assume a nominal
displacement of 0.2 m, or roughly 40 % of the value of nominal displacement associated
with complete remoulding. In this scenario, the critical length may be calculated as 536
m. The mild erosion scenario results in failure occurring after about 2200 load cycles.
Aggressive erosion causes failure after about 700 load cycles.
The model has assumed that no strength is gained, either due to thixotropic hardening
or consolidation, between load cycles. This assumption is also not necessary, as
demonstrated in the previous paragraphs; however it is expected that very little strength
gain will occur between load cycles if they occur annually, particularly near the inward
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end of the weak zone, which is far removed from potential drainage at the river bank
face. The existence of weak zones has been demonstrated in the literature, as
summarized in Chapter 4. In some cases, these weak zones were noted to represent
the failure surface from old landslides, in which case some strength may have been
regained since the soil was remoulded, but the original undisturbed strength was not
achieved. According to Geertsema et al. (2006), shear strength in the failure surface of
an ancient landslide dated as 5200 years old was approximately 50 % of that of the
undisturbed clay above and below the failure surface. Clay in the failure surface of the
1663 Saint-Jean-Vianney slide had regained approximately 70-80 % of its original
strength after more than 300 years (Potvin et al. 2001). Similarly, Eden (1967) reported
that remoulded clay in the debris of a flow slide dated to 1140 years before present was
roughly 50 to 75 % of that of the adjacent undisturbed clay. Given that the remoulded
clay in these three cases regained approximately 50 to 80 % of the original strength over
300 to 5000 years, one can conclude that strength gain over a single season would be
considerably lower. The scenarios contemplated in this paper, with very low shear
strength (i.e. perhaps close to the remoulded strength, particularly close to the inward
end of the weak zone) are therefore plausible.
The preceding discussion shows that there is uncertainty in specific elements of the
model, and simplifying assumptions have been made for ease of demonstration. The
fact that the model predicts many aspects of real landslide behaviour lends strong
support, but is not clear proof that the model is valid. However, while certain aspects of
the model may not be precisely correct, it is judged by the writer that the balance of
evidence suggests that large elements of the model are most likely valid for some large
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landslides in sensitive clay (i.e. landslides manifesting as lateral spreads), and some or
all elements of the model may be valid for most large landslides in sensitive clay,
including those that manifest themselves as flow slides. It will however take further work
to confirm the validity of the model, and so the model is offered at this time as a
hypothesis that is believed by the writer to be superior to other mechanical models, but
not proven to be so.

5.7 CONCLUSIONS
A model for progressive failure of sensitive clay slopes has been presented, based on
principles of linear elastic fracture mechanics. A detailed analysis of the model, using
typical slope conditions for river banks carved in the sensitive Champlain clay of eastern
Canada, suggests a number of key findings:
•

The incidence of large landslides should be more frequent along rivers with
greater rates of erosion;

•

Large landslides should be more common for more brittle clays;

•

Large landslides can occur:
o

suddenly with no obvious trigger, as a result of an accumulation of small
annual load cycles due primarily to erosion;

o

soon after a small local landslide at the river bank; or

o

following an earthquake or other large transient load (i.e. due to other
natural or anthropogenic causes, such as pile driving or blasting).
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These phenomena are all commonly observed in relation to large landslides in sensitive
clay, suggesting the model is worthy of further study. The nature of the soil stratigraphy,
considering both thickness and the presence of a stiffer intermediate unit between
bedrock and soft clay, has a strong influence on the potential for large earthquaketriggered landslides. Further, the pattern of growth of the failure surface over time,
preceding ultimate failure, bears a strong resemblance to other natural phenomena,
including creep failure of natural slopes, and the sudden acceleration to catastrophic
collapse observed in slow moving large landslides. This suggests the model may have
broader applications beyond sensitive clay slopes.

5.8 REFERENCES
Anderson, T.L. 1995. Fracture mechanics: fundamentals and applications. CRC Press
LLC, Boca Raton, FL.
Andreson, D.G. and Richart, F.E. 1976. Effects of shearing on shear modulus of clays.
ASCE Journal of the Geotechnical Engineering Division, 102(GT9): 975-987.
Aylsworth, J.M., and Lawrence, D.E. 2003. Earthquake-induced landsliding east of
Ottawa: A contribution to the Ottawa Valley Landslide Project, In: Proceedings of
Geohazards 2003, 57-64.
Atkinson, G.M., and Beresnev, I.A. 1998. Compatible ground-motion time histories for
new national seismic hazard maps. Canadian Journal of Civil Engineering, 25: 305318.
Bazant, Z.P. and Planas, J. 1998. Fracture and size effect in concrete and other
quasibrittle materials. CRC Press LLC, Boca Raton, FL.
301

Bernander, S. 2000. Progressive failure in long natural slopes: formation, potential
extension and configuration of finished slides in strain-softening soils. Licentiate
Thesis, Lulea University of Technology.
Bishop, A.W. 1971. The influence of progressive failure on the choice of the method of
stability analysis. Geotechnique, 21: 168-172.
Bjerrum, L. 1955. Stability of natural slopes in quick clay. Geotechnique, 5: 101-119.
Desjardins, R. 1980. Tremblements de terre et glissements de terrain: Corrélation entre
des datations au 14C et des données historiques à Shawinigan, Québec. Géographie
physique Quaternaire, 34(3): 359-362.
Eden, W.J. 1967. Buried soil profile under apron of an earth flow. Geological Society of
America Bulletin, 78: 1184-1184.
Geertsema, M., Cruden, D.M., and Schwab, J.W. 2006. A large rapid landslide in
sensitive glaciomarine sediments at Mink Creek, northwestern British Columbia,
Canada. Engineering Geology, 83: 36-63.
Halchuk, S., and Adams, J. 2008. Fourth generation seismic hazard maps of Canada:
maps and grid values to be used with the 2005 National Building Code of Canada.
Geological Survey of Canada Open File 5813, 32 pages.
Hunter, J.A., Burns, R.A., Good, R.L., Aylsworth, J.M., Pullan, S.E., Perret, D., and
Douma, M. 2007. Borehole shear wave velocity measurements of Champlain Sea
sediments in the Ottawa-Montréal region. Geological Survey of Canada, Open File
5345.

302

Idriss, I.M. and Sun, J.I. 1991. Users’ Manual for SHAKE91: A modified version of
SHAKE for conducting equivalent linear seismic response analyses of horizontally
layered soil deposits. Centre for Geotechnical Modelling, University of California,
Berkley.
Law, K.T., and Lumb, P. 1978. A limit equilibrium analysis of progressive failure in the
stability of slopes. Canadian Geotechnical Journal, 15: 113-122.
Lebuis, J., J.-M. Robert, and P. Rissmann. 1983. Regional mapping of landslide hazard
in Quebec. In: Symposium on Slopes on Soft Clays, Swedish Geotechnical Institute
Report No. 17, Linkoping, 205-262.
Lefebvre, G., and La Rochelle, P. 1974. The analysis of two slope failures in cemented
Champlain clays. Canadian Geotechnical Journal, 11: 89-108.
Leggett, R.F., and P. LaSalle. 1978. Soil studies at Shipshaw, Quebec: 1941 and 1969.
Canadian Geotechnical Journal, 15: 556-564.
Locat, A., Leroueil, S., Bernander, S., Demers, S., Locat, J., and Ouehb, L. 2008. Study
of a lateral spread failure in an eastern Canada clay deposit in relation with
progressive failure: the Saint-Barnabé-Nord slide. GeoHazards 2008, Quebec City,
89-96.
National Research Council of Canada. 2005. National Building Code of Canada.
Natural Resources Canada. 2004. Urban Geology of the National Capital Area – Drift
Thickness, Geological Survey of Canada, Terrain Sciences Division. Available
http://gsc.nrcan.gc.ca/urbgeo/ [Accessed September 2006].
Ordonez, G. 2008. Users’ Manual for SHAKE2000: A computer program for the 1-D
analysis of geotechnical earthquake engineering problems. June 2008 revision.
303

Palmer, A.C., and Rice, J.R. 1973. The growth of slip surfaces in the progressive failure
of over-consolidated clay. Proceedings of the Royal Society of London. Series A,
Mathematical and Physical Sciences, 332(1591): 527-548.
Potts, D.M., Kovacevic, N. and Vaughan, P.R. 1997. Delayed collapse of cut slopes in
stiff clay. Geotechnique, 47(5): 953-982.
Potvin, J., Pellerin, F., Demers, D., Robitaille, D., La Rochelle, P., and Chagnon, J.-Y.
2001. Revue et investigation complementaire du site du glissement de Saint-JeanVianney. Proceedings 54th Canadian Geotechnical Conference, 792-800.
Quinn, P.E., Diederichs, M.D., Hutchinson, D.J., and Rowe, R.K. 2007b. An exploration
of the mechanics of retrogressive landslides in sensitive clay. Proceedings of the
Canadian Geotechnical Conference, Ottawa, 721-727.
Quinn, P.E., Diederichs, M.D., Rowe, R.K. and Hutchinson, D.J. 2009. A new model for
large landslides in sensitive clay using a fracture mechanics approach. Submitted to
Canadian Geotechnical Journal, November 2008.
Rice, J.R. 1968. A path independent integral and the approximate analysis of strain
concentration by notches and cracks. Journal of Applied Mechanics, 35: 379-386.
Schnabel, P.B., Lysmer, J., and Seed, H.B. 1972. SHAKE: a computer program for
earthquake response analysis of horizontally layered sites. UCB/EERC-72/12,
Earthquake Engineering Research Center, University of California, Berkeley, 92
pages.
Schweizer, J. 1999. Review of dry snow slab avalanche release. Cold Regions Science
and Technology, 30: 43-57.

304

Seed, H.B. and Idriss, I.M. 1970. Soil moduli and damping factors for dynamic response
analysis. Report No. UCB/EERC-70/10, University of California, Berkley.
Stark, T., and Contreras, I.A. 1996. Constant volume ring shear apparatus. Geotechnical
Testing Journal, 19(1): 3-11.
Tavenas, F., Flon, P., Leroueil, S., and Lebuis, J. 1983. Remolding energy and risk of
slide retrogression in sensitive clays. In: Symposium on Slopes on Soft Clays,
Swedish Geotechnical Institute Report No. 17, Linkoping, 423-454.
Tiande, M., Chongwu, M. and Shengzhi, W. 1999. Evolution model of progressive failure
of landslides. ASCE Journal of Geotechnical and Geoenvironmental Engineering,
125(10): 827-831.
Tremblay, A., B. Long, and Massé, M. 2003. Supracrustal faults of the St. Lawrence rift
system, Québec: kinematics and geometry as revealed by field mapping and marine
seismic reflection data. Tectonophysics, 369: 231-252.
Weibull, W. 1963. A theory of fatigue crack propagation in sheet specimens. Acta
Metallurgica, 11: 745-752.

305

Chapter 6
Regional Scale Landslide Susceptibility Mapping using the
Weights of Evidence Method: An Example Applied to Linear
Infrastructure
This Chapter has been modified slightly from a paper submitted to the Canadian
Geotechnical Journal as follows:
Quinn, P., Hutchinson, D.J., Diederichs, M.S, and Rowe, R.K. 2009b. Regional scale
landslide susceptibility mapping using the weights of evidence method: an
example applied to linear infrastructure. Submitted to Canadian Geotechnical
Journal, Submitted November 2008.

6.1 INTRODUCTION
The Saint Lawrence Lowlands in eastern Canada contain substantial deposits of marine
soils laid down in the post-glacial Champlain Sea some 10,000 years ago. The fine
grained marine silts and clays are often sensitive, which means they can lose much of
their strength when disturbed. A distinct type of geological hazard – large, retrogressive
landslides – is widespread throughout this area. These landslides tend to occur very
rapidly, and often involve large areas of very gentle terrain, with slope angles on the
order of one degree or less.
Large retrogressive landslides can threaten existing and potential built infrastructure,
and have occasionally caused fatalities. Two of the deadliest landslides in Canadian
history – the Notre-Dame-de-la-Salette slide of 1908, and the Saint-Jean-Vianney slide
of 1971 – occurred in the gentle clay plains of eastern Canada. Large landslides can
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also damage existing buildings and may disrupt transportation corridors or other linear
infrastructure.
This Chapter describes the development of a landslide susceptibility map at the regional
scale for large retrogressive landslides in sensitive clay in the western half of the former
Champlain Sea, which occupied eastern Ontario and southern Quebec, Canada
approximately 10,000 years ago. It is intended to be applied as a screening tool at the
regional scale, and will be of most use for problems involving linear infrastructure, where
there is a need to focus additional study to specific locations along a linear corridor.
The map was developed using the weights of evidence method (Bonham-Carter et al.
1989), based on an existing inventory of landslide features compared with other
geospatial data, including ground elevation, flow accumulation in the stream network,
soil type, thickness of overburden soils, and land use. The outcome is a susceptibility
map with three susceptibility scales: low, low to moderate, and moderate to high. The
validity of the susceptibility map is tested both inside and outside the landslide inventory
area, and is then applied to existing railway corridors, identifying a small number of
railway river crossings with potentially elevated susceptibility to large landslides. The
susceptibility map is shown to be effective for isolating a small number of discrete
locations of elevated susceptibility within a considerable length of railway corridor. This
serves to focus more detailed study where it is needed, and allows the infrastructure
manager to better prioritize risk management efforts.
The susceptibility map generated in the Chapter is at a small scale, and as such is
intended only as a screening tool, to assist managers of linear infrastructure to plan and
prioritize more detailed study. The mapping methodology could be adapted at a larger
307

scale, but different geospatial themes would be necessary. In particular, at the local
scale, it would be imperative to incorporate local topography, subsurface soil and
groundwater conditions, and other related factors that are not available at the small
scale used in this study.
The susceptibility map is also intended to be predictive of the presence of past
landslides. This interpretation may be extended to attempt to predict future landslide
probability, as is done to some degree in Chapters 7 and 8, but such extrapolation is
subject to limitations, as many areas with existing landslides are may be no longer
susceptible to landslide activity.

6.2 STUDY AREA
This work examines landslide susceptibility in the western half of the former Champlain
Sea, occupying parts of eastern Ontario and southern Quebec, Canada. The perimeter
of the study area is defined by a 10 km buffer around the approximate limits of marine
invasion by the former Champlain Sea, within the extent of National Topographic System
(NTS) zones 31F, 31G, 31H, 31I and 31K. This is illustrated in Figure 6-1.
The study area is within the Saint Lawrence Lowlands, and generally consists of low
lying, gentle plains carved by numerous rivers and streams. The approximate limits of
marine invasion shown in Figure 6-1 have been interpreted by the writer from land use
patterns in available satellite imagery. Extensive deposits of marine soils exist within
this area, which was covered by the salt water of the post-glacial Champlain Sea
approximately 10,000 years ago. Landslides are very common along drainage features
in the study area, and these can be extremely large, up to several square kilometres in
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plan area. A typical large landslide is illustrated in Figure 6-2, which shows the South
Nation River slide of 1971. This landslide, evident along the east side of the river, is
approximately 750 m wide (north to south) and 400 m long (east to west). An older,
smaller landslide with more muted features is evident across the river to the southwest.

Figure 6-1. Study area.
Landslides in sensitive clay tend to occur very rapidly and without warning. Land use in
the study area is predominantly agricultural, with most of the population concentrated in
a small number of urban centres. These landslides therefore often occur unnoticed, or
affect only farmland with no casualties or damage to infrastructure; however, some
landslides have caused significant damage or disruption to linear infrastructure such as
highways and railways, and a number of events have resulted in significant loss of life.
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Figure 6-2. South Nation River slide of 1971. (Reproduced with the permission of
Natural Resources Canada 2008, courtesy of the National Air Photo Library)

6.3 METHODOLOGY – WEIGHTS OF EVIDENCE APPROACH
There are a number of different ways to create landslide susceptibility maps, including
inventory-based, heuristic, statistical and deterministic approaches (Soeters and van
Westen 1996). A bivariate statistical approach was selected for this work. The specific
method used was the weights of evidence modeling method, as described by BonhamCarter et al. (1989), and as applied by numerous authors to landslide susceptibility
problems, including, for example, van Westen et al. (2003) and Dahal et al. (2008).
A GIS framework was used to calculate the spatial relationships between landslide
incidence and specific terrain features expected to correlate with landslide incidence.
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These terrain features were selected on the basis that there is a known relationship
between the feature and landslide occurrence, and that feature data were available for
the entire study area at a consistent scale and mapped in a consistent manner. Feature
data that were available for only part of the study area, or from different sources, were
not considered for this study. The landslide inventory and each feature map were
prepared as, or converted to, raster images, and the Spatial Analyst tools within ArcMap
(ESRI) were used to obtain statistical relationships between the maps using raster
algebra.
The weights of evidence approach combines the spatial relationships between terrain
features from a variety of different thematic maps, each considered to have some
relationship to landslide incidence (i.e. associated with a conditioning factor or triggering
factor). For each thematic map (e.g. soil type), weights are calculated for each individual
factor (e.g. clay, or sand and gravel for soil type), and a weight map is developed for that
theme. All thematic weight maps are then added together to develop an overall
susceptibility map.
Positive and negative weights are calculated for each factor in each theme. The positive
weight is an indication of the likelihood of encountering a landslide when the specific
factor is present. The negative weight is an indication of the likelihood of a landslide
being present given the absence of the specific factor. The positive (W i+) and negative
(W i-) weights are calculated as the natural logarithm of a ratio of spatial probabilities, as
follows:

[6-1a] Wi + = ln[

P{Fi L}
P{Fi L}

]
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and

−
[6-1b] Wi = ln[

where

P{F i L}
P{F i L}

]

Fi and Fi represent the presence, and absence, of a specific factor, and L and

L represent presence and absence of a landslide, respectively. Note that the positive
weight can have either a positive or negative value, as can the negative weight.

Figure 6-3. Spatially relating thematic and landslide inventory maps.
Landslide incidence or absence within a given area (e.g. individual map pixel) is
determined from the landslide inventory map, and the presence or absence of the other
factors are determined, in GIS, from the other thematic maps. The process of
interrelating these maps is illustrated in Figure 6-3, which shows a landslide inventory
(black polygons) overlain on a hypothetical surficial soils map.
The spatial probabilities in Equation [6-1] are obtained by totalling the number of raster
pixels where landslides are present or absent and a specific factor (e.g. clay, sand or
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bedrock) is also present or absent. In Figure 6-3, the clay soils type would have the
highest positive weight, since landslides occupy a larger proportion of the total area of
clay soils. This positive weight, as an example, would be obtained in GIS using raster
algebra to compute the following:

[6-2]

Wi + =

( A1 / A2 )
( A3 / A4 )

where
A1 = area of landslides in clay (calculated as the number of pixels corresponding to both
landslides and clay);
A2 = total area of all landslides (number of pixels containing landslides);
A3 = area of clay with no landslides; and
A4 = total area of no landslides.
Intuitively from Figure 6-3, bedrock would have the lowest positive weight for this type of
landslide; however, when landslides are completely absent from a given factor, the
calculated weight is infinitely negative (W = ln(0)). In this case, an appropriate number
must be selected. The selection of an appropriate weight factor is discussed in more
detail later in the Chapter.
A positive weight which is greater than zero implies that landslides are more likely than
average to occur in the presence of that specific factor. A positive weight equal to zero
suggests landslides are no more and no less likely than average to be present, and a
positive weight less than zero suggests landslides are less likely, than average, to be
present, given the presence of the specific factor. Weights that are strongly positive or
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negative are therefore most useful in determining landslide susceptibility, as they provide
the strongest indication of likely presence, or absence, of landslides. Weights near zero
give little insight into the likelihood of landslide occurrence.
The presence of a specific factor generally implies the absence of all other factors in that
theme. For example, when clay is present in the surficial soils map, both sand and
bedrock are absent from that area of the map (i.e. they may be present underlying the
clay, but are not mapped as being present at the ground surface). In such a case, the
appropriate weight is the total of the factor’s positive weight and the negative weights of
the other factors in the same thematic map, since within the space occupied by clay, for
example, clay is present and sand and bedrock are absent.
Each thematic map (e.g. surficial soils) is converted into a weighted map, where each
specific factor within that theme (e.g. clay) is assigned a numeric value equal to its
calculated weight. The weights for each weighted map are then added to yield a
combined map. The weights from the different maps can be combined in different ways
to assign more or less weight to different terrain themes; however, the simplest
approach is direct addition, and this tends to assign appropriate weight to each theme
automatically. If a given thematic map is better at isolating landslide-prone and
landslide-free lands, the weights for individual factors will tend to be very high or very
low. If another thematic map is less useful for predicting landslide incidence, its
individual factor weights will be closer to zero, yielding a smaller overall range between
maximum and minimum values. When the maps’ values are added together, the more
important themes (i.e. those with larger weight ranges) therefore have more influence on
the final result.
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The combined map will have numeric values ranging between some low (highly
negative) and high (highly positive) values, where higher values represent a higher
spatial probability of landslide incidence. The numeric range in this combined map can
be divided into smaller ranges representing high, medium and low susceptibility, or some
similar subdivision. These categorizations may be qualitative, selected arbitrarily, or can
be related to specific probabilities of landslide occurrence, as shown later in this
Chapter.

6.4 DATA ACQUISITION
6.4.1 General
Development of the susceptibility map required the collection of spatial data from a
variety of sources. The following data were considered for the analysis:
•

•

•

Landslides:
o

Air photo inventory and characteristics,

o

Literature inventory;

Digital terrain model:
o

Elevation,

o

Slope angle and aspect,

o

Interpreted stream network,

o

Flow accumulation;

Soil type;
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•

Soil thickness;

•

Bedrock type; and

•

Land use.

Geospatial data for the study area are available at a variety of scales and from a variety
of sources. Data were selected for analysis only if they were available for and mapped
consistently across the entire study area.
6.4.2 Landslides
A digital inventory of existing large landslides was first developed, as described by Quinn
et al. (2007, Chapter 3). This inventory was developed in two major stages: extraction of
recorded landslide data from the existing literature, and creation of a digital database of
large landslides from a review of available aerial photographs. Landslide features in the
study area, as identified in the literature, are illustrated in Figure 6-4, Figure 6-5 and
Figure 6-6. These landslide features have been extracted from a variety of sources,
including: Ells (1908), Wilson and Mackay (1918), Hodgson (1927), Clark (1947), Morin
(1947), Eden (1956 and 1967), Chagnon (1968), La Rochelle et al. (1970), Karrow (1965
and 1972), Lajoie (1974), Donovan (1977), Fransham and Gadd (1977), Desjardins
(1980), Bégin et al. (1996), Grondin and Demers (1996), and Demers et al. (1999).
The landslide data obtained from the literature are available in a variety of forms. Some
authors have outlined the completed footprint of landslide depletion and deposition
zones. In these cases, the landslide features have been transcribed into GIS as
polygons (e.g. most features in the Ottawa area map). In many cases, only the landslide
scarp has been traced in the literature source, and those features have been transcribed
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as polyline features. In still other source documents, landslides are illustrated as points.
Many of the point features are small landslides that are present throughout the study
area. Showing the locations of selected point features (i.e. small landslides) would give
a misleading representation of the spatial distribution of these features, since they are
present along nearly every river and stream in the study area but not represented that
way in the literature. Point feature landslides from the literature are therefore not shown
in the figures included in this Chapter.

Figure 6-4. Compiled inventory of landslide features from the literature.
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Figure 6-5. Literature inventory: landslides in the Ottawa area.

Figure 6-6. Literature inventory: landslides at the east end of the study area.
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Figure 6-7. Air photo landslide inventory study area: NTS 31H, southern Quebec.
It is important to note that the landslide features obtained from the literature are an
incomplete record of large landslides, limited by the specific research objectives of the
source documents. There may be large spatial gaps in the record, particularly outside
the limits of Figure 6-5. The Ottawa area (i.e. most of NTS 31F and 31G) was the
subject of a detailed inventory by Fransham and Gadd (1977), and the features in Figure
6-5 are therefore believed to provide a very good representation of the spatial
distribution of landslides in that area. Landslide features in the rest of the study area
come from a very wide variety of sources, each typically focused on one specific location
or small region, to the exclusion of the rest of the study area. This literature-based
inventory is therefore not suitable as the basis for developing weights of evidence, since
it is incomplete, particularly in the central and eastern parts of the study area; however, it
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is useful as a qualitative check of the susceptibility map, as will be seen later in the
Chapter.
A subset of the western half of the former Champlain Sea was selected for detailed air
photo review: NTS map unit 31H, which is contained between 45 and 46 degrees north
latitude, and 72 and 74 degrees west longitude. This area is illustrated in Figure 6-7.

Figure 6-8. Air photo landslide inventory, NTS 31H.
The air photo inventory work was completed at medium scale (1:50,000). This scale
was selected for two reasons: air photos at this scale are available for the entire study
area for a consistent time period; and, larger scale photos are only available for selected
areas, and not at consistent scales. Use of 1:50,000 photos limits the inventory to
features with a minimum width of about 50-100 m, varying with photo quality. This
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therefore excludes many small features, but captures most of the more important large
retrogressive landslides.
The landslide database for NTS 31H includes a total of 2649 possible landslide features.
Approximately half of these features (1259) were believed to represent probable large
retrogressive landslides, and the remainder were considered to most likely represent
either smaller rotational landslides, erosion features, or other alluvial features such as
abandoned meanders. Figure 6-8 shows all of the probable large retrogressive
landslides identified through air photo interpretation. Note that these features represent
the source zones, but not the deposition zones, for the respective landslides. Nearly all
of these landslides deposited their debris into moving water, where it has been
subsequently eroded away, in most cases leaving no trace. For example, the debris
dam formed by the South Nation River slide debris, as seen northwest of the landslide in
Figure 6-2, was overtopped and eroded away in the months and years following the
event, leaving no trace in current aerial or satellite imagery. The full spatial extent of
past landslides in NTS 31H is therefore unknown, and our understanding is limited to the
source zones, as mapped.
6.4.3 Digital Terrain Model
Topographic data for the study area were obtained from Canadian Digital Elevation Data
(2000). The Level 1 data were used, and were available at 1:50,000, with a spatial
resolution of 0.75 arc seconds of both latitude and longitude, corresponding to a cell size
of 23 m north-south and 11-16 m east-west. The source data from which the digital
elevation data were extracted was the hypsographic elements of the National
Topographic Database.
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A large number of individual raster tiles were stitched together to obtain coverage for the
entire study area including some buffer beyond the study area. GIS tools were used to
derive a number of interpretive maps from the topographic model, in addition to the basic
elevation map, including:
o

Slope angle;

o

Slope aspect;

o

Interpreted stream network; and

o

Flow accumulation of streams in the network.

Figure 6-9. Ground elevation in the study area (from Canadian Digital Elevation Data
2000).
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Rankka et al. (2004) suggested there may be a relationship between landslide incidence
and ground elevation above sea level in Sweden. This possibility was investigated for
the study area by comparing landslide locations with ground elevation in NTS 31H.
Figure 6-9 shows elevation above sea level in this segment of the study area. The
original elevation data, ranging between about 0 and 400 m above sea level, were
reclassified into 85 smaller slices for analysis, with each slice representing an
approximately equal surface area (i.e. number of pixels) within the study area.
Authors developing landslide susceptibility maps often consider slope angle and slope
aspect (or flow direction) as potential landslide conditioning factors (e.g. Dahal et al.
2008). The landslide inventory was therefore compared with derived maps of slope
angle and slope aspect. Large landslides in sensitive clay tend to involve large areas of
land with very gentle grades, most often occurring at an existing river bank and
extending inland well beyond the crest of the river bank. Further, the occurrence of a
large landslide results in a different landscape than existed prior to the landslide, which
is not reflective of conditions leading to the landside. The variation in slope above the
river bank crest bears no meaningful relationship with landslide incidence when
evaluated using the regional scale elevation data. There could be a relationship
between landslide incidence and the bank slope angle prior to the landslide, but the preexisting bank geometry would no longer exist adjacent to observed landslide scars.
Further, the resolution of the digital elevation model is inadequate to calculate river bank
slope angles accurately. Slope angle was therefore set aside from the analysis. Slope
aspect is similarly unrelated to landslide incidence in this study, at least at the scale of
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digital topographic data selected for the work (i.e. regional scale), and was also set aside
from the analysis.
The hydrological tools in ArcGIS were used to derive an interpreted stream network from
the digital elevation model (Canadian Digital Elevation Data, 2000). Quinn et al. (2007b,
Chapter 2) observed that large landslides in the study area occurred nearly exclusively
adjacent to watercourses, and that they tended to be associated with rivers of
intermediate size, as also suggested by Lefebvre (1986). Quinn et al. (2008) showed
that there was a strong correlation between mean stream flow, as obtained from
Provincial government records, and calculated flow accumulation, as derived in GIS from
the number of map pixels that would direct overland flow to any specific point in the
interpreted drainage system. Some scatter was observed in their data due to variations
in land use, ground cover and associated runoff coefficients; however, a linear best fit
gave a very good approximation (R2 = 0.97).
It is postulated that a relationship exists between stream flow (via flow accumulation)
and landslide incidence. Figure 6-10 shows flow accumulation in the interpreted stream
network in the study area. The streams are represented by buffers (i.e. polygons
capturing the stream and an adjacent zone of predetermined width) of different colour
and width. Buffers were used instead of polyline features because the landslides were
observed to occur within a narrow zone along the rivers, and this was a convenient way
of comparing landslide incidence with flow accumulation in the nearest river within the
GIS. The buffers for greater than 103, 104, 105, 106 and 107 pixels were 300, 400, 500,
600 and 700 m on either side of the river, respectively, which reflects the observation
that larger landslides tended to be associated with larger rivers (Quinn et al. 2007b).
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The use of these buffers allowed the association of landslides with streams. Selection of
wider buffers adjacent to streams with higher flow accumulation created a wider capture
zone for the analysis adjacent to the larger streams.

Figure 6-10. Stream network and flow accumulation buffers in the study area (interpreted
from Canadian Digital Elevation Data 2000). Note that each pixel represents
approximately 300 m2.
6.4.4 Surficial Soil Types
The surficial materials in the study area are illustrated in Figure 6-11, which includes
eight different soil types, each describing broad categories of materials with similar
genesis. Marine deposits, for example, include both marine silt/clay and marine sand,
first described in the nineteenth century as Leda clay (now more commonly called
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Champlain clay) and Saxicava sand respectively (Karrow 1965). The surficial soils
shown in Figure 6-11 have been extracted from work by Natural Resources Canada
(1994), which was mapped at 1:5,000,000 scale. Local detail may be absent in this
small scale map, as numerous smaller, more detailed map units present in larger scale
maps will have been aggregated into larger map units containing several soil units of
similar, but not identical, genesis and character. However, more detailed mapping is not
available consistently for the entire study area. Note that the available soil mapping
gives no information regarding the thickness of surficial soil units, or the lithology below
the mapped surficial unit, both of which may be important factors.

Figure 6-11. Surficial soils in the study area (from Natural Resources Canada 2004).
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The large retrogressive landslides in the study area occur in sensitive marine silts and
clays deposited in the former Champlain Sea, known collectively as Champlain clay.
These soils would be expected to be present in the areas mapped as marine deposits,
but may also be locally present, either at or near the ground surface, in some of the
other broad soil categories, such as alluvial terraces, for example.
6.4.5 Thickness of Overburden Soils and Type of Underlying Bedrock
Development of sensitive clay is known to be associated with the leaching, by fresh
water, of saline pore fluid in the soil matrix (Bjerrum 1955). Fractures in the bedrock
may result in higher groundwater discharge into the clay, and therefore greater leaching
and more potential for the development of sensitive clay and occurrence of retrogressive
landslides. Leaching takes longer in thick massive clay deposits, therefore the presence
of sensitive clay is more likely in thinner massive deposits or in layered deposits
containing water-conducting layers (Rankka et al. 2004). Local bedrock highs may
redirect groundwater flow upward, also increasing leaching. Canadian researchers (La
Rochelle et. al. 1970) have shown a correlation in Quebec between landslide incidence
and the presence of buried bedrock valleys. In the Ottawa area, the incidence of ancient
landslides along paleo-channels of the Ottawa River, which are believed to have been
triggered by ancient earthquakes, is negatively correlated with bedrock depth (Aylsworth
and Lawrence 2004).
Depth to and shape of the bedrock surface are therefore important conditioning factors
for this type of landslide. Natural Resources Canada (2004) provides overburden
thickness data for the study area, and this information is illustrated in Figure 6-12.
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Figure 6-12. Overburden thickness in the study area (from Natural Resources Canada
2004).
Bedrock type may also correlate with landslide incidence. Limestone deposits tend to
have hard groundwater which does not generate sensitive clay as quickly as soft
groundwater, so sensitive clays tend not to be as strongly associated with limestone
bedrock (Rankka et al. 2004). Exceptions occur where there are other (i.e. surface)
sources of fresh water, such as streams. Available bedrock mapping was obtained for
the study area from Wheeler et al. (1997). Unfortunately, the scale of mapping was
unsuitable for the analysis, as most of NTS 31H is mapped as “undivided sedimentary
rocks” without further subdivision. More detailed maps at a larger scale are available for
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selected parts of the study area, but the data are not available consistently across the
entire study area. Bedrock type was therefore excluded from the analysis.
6.4.6 Land Use
Land use is often interpreted as a potential landslide conditioning factor in the
development of landslide susceptibility maps (e.g. Dahal et al. 2008, van Westen et al.
2003). In areas of marine soils, landslide occurrence is often associated with the
presence of a sand cap overlying the marine clay and silt (Fransham and Gadd 1977).
The sand cap can be a reservoir of perched groundwater, which serves both to increase
the tendency for clay to become sensitive, as well as to act as a source of fluctuating
groundwater pressures that may trigger landslides. Further, the presence of such a cap
limits the development of a stiff upper clay crust, resulting in weaker soils and potentially
lower stability. Agricultural land use depends on soil texture. According to Lajoie
(1962), sandy/gravelly soils in the study area are generally left wooded, and silty or
clayey soils are developed for crops (or where steeper, along banks, used for pasture).
Land use data may therefore offer an indirect measure of subtle differences in surficial
soil type that are not evident in the available surficial soils data, which group all marine
soils, for example, regardless of texture, as one category. There may therefore be a
spatial relationship between land use and landslide incidence; however, such a
relationship would also be influenced by the thickness of coarser or finer soils, which is
not known or interpretable from the available mapping. Nevertheless, some correlation
between land use and landslides may exist.
Land use data were obtained from Natural Resources Canada (1999), and are illustrated
in Figure 6-13. The data include fifteen different land use categories, as follows: 1 –
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improved pasture; 2 – productive woodlands; 3 – built-up areas; 4 – water; 5 – cropland;
6 – rough grazing; 7 – non-productive woodland; 8 – outdoor recreation; 9 –
swamp/wetland; 10 – mines/quarries/pits; 11 – orchards/vineyards; 12 – rock; 13 –
unknown; and, 14 – horticulture.

Figure 6-13. Land use in the study area (from Natural Resources Canada 1999).

6.5 ANALYSIS AND RESULTS
6.5.1 Calculated Weight Factors
Each thematic map described in the previous section (i.e. elevation, stream buffers, soil
type, overburden thickness, and land use) has been analyzed according to Equation
[6-1]. Individual weight factors are summarized in Table 6-1, which also shows the
330

range of values. The widest range between highest and lowest weight factor for a single
thematic map is from -5 to 3.8 for stream buffers.
Each of the thematic maps has been redrawn using the calculated weights, as shown in
Figure 6-14 to Figure 6-18. A “cool to warm” colour scale (i.e. green to red) has been
used to represent each weighted theme. A consistent scale has been used for each
map so that they can be compared directly with each other. In all cases, the upper (i.e.
red) end of the colour scale represents a weight of 3.8, and the lower (i.e. green) end
represents a weight of -5. This results in themes with a narrower range of weights
having a narrow colour range.

Figure 6-14. Ground elevation weight factor map (black dots in inset are landslide
features).
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Figure 6-15. Stream flow accumulation weight factor map (black dots in inset are
landslide features).

Figure 6-16. Soil type weight factor map (black dots in inset are landslide features).
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Figure 6-17. Overburden thickness weight factor map (black dots in inset are landslide
features).

Figure 6-18. Land use weight factor map (black dots in inset are landslide features).
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Table 6-1. Calculated weights for various data used to develop the landslide
susceptibility map.
Elevation

Stream Buffers

Soil Type

Overburden
Thickness

Land Use

Elevation
Slice

Calculated
Weight

Flow
Accumulation

Calculated
Weight

Type

Calculated
Weight

Thickness
(m)

Calculated
Weight

Use
Cat.

Calc.
Weight

1

-1.799

< 1000
pixels

-5

Wetland

-3

0-5

-2.96

1

-1.371

2

0.598

> 10

3

0.404

-3

6-10

-0.90

2

-0.356

3

0.299

> 104

2.063

1.18

11-15

0.34

3

-2.599

4

0.221

> 10

5

3.808

1.05

16-20

0.99

4

1.975

5

0.125

> 10

6

3.814

-1.06

21-25

1.37

5

2.063

6

0.359

> 107

-5

0.05

26-30

0.75

6

2.538

7

1.128

-0.31

31-35

0.82

7

-0.700

8

-0.141

Moraine,
Till
Alluvial
Terraces
Marine
Deposits
Ice
Contact
Sand and
Gravel
Lacustrine
Deposits
Eroded
Alluvial
Terraces
Till,
Veneer

-3

36-40

0.76

8

1.467

9-10
11-12
13-16
17-20
21-24
25-28
29-32
33-40
41-60
61-85
Range:

0.157
1.125
0.017
-0.203
-0.189
-0.217
-0.472
-0.802
-0.677
-2
-2 to
1.128

41-45
46-65
> 65

0.85
0.12
-3

9
10
11
12
13
14

-3
3.301
-3
-3
1.569
-3

-5 to 3.814

-3 to 1.18

-3 to 1.37

-3 to
3.301

By inspection, one can therefore assess which themes will have more importance in the
final susceptibility map, which represents a direct summation of these five thematic
maps. Those themes with large areas of deep green or small areas of bright red will
carry more weight in delineating areas of probable absence or possible presence,
respectively, of landslides. For example, the stream buffer map has a large proportion of
deep green (i.e. low weights) and isolated areas of bright red (i.e. high weights). By
contrast, the elevation map has much less contrast, being predominantly yellow and
yellow-green, and the land use map has similarly little contrast, being predominantly
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orange. These latter two thematic maps are subsequently shown to have the least
importance in the overall susceptibility calculation.
The weights for factors with no landslides were generally assigned a negative value
slightly less than the next lowest real weight. For example, in evaluating weights for
overburden thickness, the lowest value was -2.96 for 0 to 5 m thickness. No landslides
were present at thicknesses exceeding 65 m, so the weight calculated by Equation [6-1]
would be negative infinity. A value of -3 was selected, which reflects that landslides are
less common at more than 65 m depth than all other thicknesses, but not impossible.
Some authors (e.g. Dahal et al. 2008) instead assign a single landslide pixel when no
landslides are present, which could result in an arbitrarily low (highly negative) weight
value, depending on the total area represented by that factor. In that approach, the
range between highest and lowest weights could be artificially inflated, influencing the
final susceptibility map, and giving the affected theme a potentially unreasonable overall
weight. The approach taken in this study also results in arbitrary values for factors with
no landslides, but is considered by the authors to result in a better balance between the
different themes.
The selection of the lowest weight followed a similar approach for all themes except flow
accumulation in stream buffers. In the case of the stream buffers, the lowest weight (i.e.
-5) was made somewhat lower than the lowest calculated weight (-2.2, for < 103 pixels).
This was done to give the stream buffer theme more weight in the overall susceptibility
calculation, since this theme was determined to have the most importance in
discriminating between landslide incidence and absence. Note that the weight for less
than 103 pixels was also reduced from -2.2 to -5. This choice was made after careful
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inspection of the landslide locations in relation to the stream buffers. Many landslides
originating within stream buffers contained some area outside the buffers, thus yielding
an artificially high weight factor for less than 103 pixels (i.e. the area outside the stream
buffers), when the reality is that none of the inventoried landslides originated outside
stream buffers. This choice, along with the selection of minimum weights for the other
themes, was made to fine tune the overall calculation. The effect of this choice in the
final map was small, but it improved the model’s success rate and so was judged to be
appropriate. Some judgement therefore influenced the final outcome of the susceptibility
model; however, some judgement is always inherent in the weights of evidence
approach, firstly in the selection of geospatial themes for consideration, and secondly in
the approach taken to deal with landslide absence.
6.5.2 Landslide Susceptibility
A landslide susceptibility map is presented in Figure 6-19. The combined weights range
between -16.0 and 10.1, reflecting the summation of weights from all of the thematic
maps. This range has been subdivided into three broad descriptive categories: low (16.0 to -2.1), low to moderate (-2.1 to 3.3), and moderate to high (3.3 to 10.1). These
ranges were selected on the basis that 10 % of all landslide area within NTS 31H (i.e.
the inventory area) is contained in the low category, 33 % is in either low or low to
moderate, and the remaining landslide area (i.e. 67 %) is captured in the moderate to
high category. The low category comprises the majority of the area of NTS 31H (i.e. 64
%) as detailed in Table 6-2.
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Figure 6-19. Calculated susceptibility for large landslides (black dots in inset are
landslide features).
Table 6-2. Susceptibility values.
Susceptibility
Category
Low
Low to Moderate
Moderate to High

Combined
Weight
< -2.1
< 3.3
> 3.3

% of Land Area in
NTS 31H
64 %
25 %
11 %

% of Landslide
Area in NTS 31H
10 %
23 %
67 %

The predictive power of the susceptibility map within the landslide inventory area (i.e.
NTS 31H) can be explored by examining Figure 6-20 and Figure 6-21. The landslides
identified in NTS 31H through air photo interpretation are superimposed over the
337

susceptibility map in Figure 6-20. It can be seen that nearly all of the landslide features
are located in moderate to high zones, although there are isolated landslide features in
the other zones.

Figure 6-20. Susceptibility model validation in NTS 31H. Black dots represent landslides
evident in 1:50,000 air photos.
Figure 6-21 shows success rate curves for the overall susceptibility map as well as for
each individual thematic map. These curves provide an indication of each map’s ability
to discriminate between presence and absence of landslides. A purely random selection
would yield a slope of unity, as shown by the thick “random” line. A perfect prediction
model would result in 100 % of the known landslides occurring in a very small
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percentage of the susceptibility map, equal to the total area of landslides (i.e. the model
would isolate the landslides within predicted landslide-prone areas). This would yield a
large initial slope, with the curve reaching 100 % of landslides in a very small percentage
of the susceptibility map, as illustrated by the “perfect” susceptibility curve in Figure 6-21.
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Figure 6-21. Success rate curves of the susceptibility map and individual weight maps.
Figure 6-21 shows that land use and elevation, on their own, are not especially useful for
discriminating between low and high likelihood of large landslides. By contrast, the
stream buffer and overburden thickness maps are the most useful, and the stream buffer
map on its own is nearly as good as the overall susceptibility map. Soil type is of
intermediate importance.
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6.5.3 Probabilistic Meaning of Susceptibility Categories and Model Validation
The physical meaning of the descriptive susceptibility categories can be explored
through a simple Monte Carlo simulation. 50,000 points were randomly selected within
NTS 31H, and the susceptibility value was determined for each point. The GIS was then
used to determine whether any landslides exist within 500 m, 1 km, and 2 km of each
point. These distances were selected arbitrarily, but can be used in hazard evaluation
by infrastructure managers as a tangible guide to the likely distance of nearest landslide
features. The results of this analysis are summarized in Table 6-3. Each descriptive
susceptibility category therefore has a specific probabilistic meaning. For example, at
any given point in a low to moderate susceptibility area, there is a 26 % chance of
encountering an existing large retrogressive landslide within 2 km, a 10 % chance of
encountering one within 1 km, and a 3 % chance of encountering one within 500 m.
Table 6-3. Physical meaning of susceptibility values in NTS 31H.
Susceptibility
Category
Low
Low to Moderate
Moderate to High

Probability of Encountering a Retrogressive Landslide:
Within 500 m
Within 1 km
Within 2 km
0.6 %
3%
10 %
3%
10 %
26 %
15 %
26 %
44 %

The complete study area extends well beyond the boundaries of NTS 31H, where
detailed (i.e. air photo study) landslide data were available. The validity of the model
outside NTS 31H is therefore unknown, and was investigated first through qualitative
visual comparison with landslide data from the literature, and then through additional air
photo analysis. Figure 6-22 and Figure 6-23 show the locations of landslides interpreted
from the literature with the calculated susceptibility. All landslide features are located in
or near areas designated as low to moderate or moderate to high susceptibility. A visual
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review therefore suggests that the broad susceptibility categories maintain their
significance outside NTS 31H.

Figure 6-22. Susceptibility model validation in the Ottawa area. Landslide features, in
black, are extracted from Fransham and Gadd (1977).
Table 6-4. Observed incidence of landslides at 98 random points outside NTS 31H.
Susceptibility
Category

Total
Number

Within 500 m
Number
Probability

Within 1 km
Number
Probability

Low
Low to
Moderate
Moderate
to High

19
20

0
3

0%
15 %

1
5

5%
25 %

3
8

16 %
40 %

16
12

84 %
60 %

59

16

27 %

24

41 %

35

59 %

24

31 %
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Within 2 km
Number
Probability

None < 2 km
Number
Probability

Figure 6-23. Susceptibility model validation northeast of Montreal. Landslide features, in
black, are extracted from a number of literature sources as detailed in the text.
Additional air photo survey was used to complete a more methodical verification of
model validity outside NTS 31H. 98 random points were generated within the study
area, but outside NTS 31H, and each point was located on 1:50,000 air photos to
determine the proximity of the nearest large landslide feature. Figure 6-24 shows the
point locations, and Table 6-4 presents summary results. The probabilities of
encountering large landslides within 500 m, 1 km or 2 km, for locations outside NTS 31H
appears to be, on average, nearly twice that encountered inside NTS 31H. Landslides
therefore appear to be more likely outside, than inside, NTS 31H. However, the general
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classifications (e.g. low to moderate) still appear to be appropriate, with “low” continuing
to represent a very low probability of encountering landslides in the near vicinity.

Figure 6-24. Locations of points used to validate model outside NTS 31H through air
photo analysis.
Some statistical difference between observed landslide likelihood within and outside
NTS 31H should be expected, since the geological and physiographic conditions vary
across the study area. In particular, landslides are expected to be more frequent near
the bedrock uplands and recessional moraine (i.e. Saint-Narcisse Moraine) in the north
part of the study area (Quinn et al. 2007a, Chapter 2), and these conditions are absent
within NTS 31H, so the model would not reflect this explicitly. Additionally, the terrain
north of the Saint Lawrence and Ottawa Rivers tends to have more relief, with generally
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steeper gradients along rivers and streams, as can be seen in Figure 6-9. Bjerrum et al.
(1969) showed that large landslides in sensitive clay are more common in areas of
active undercutting, which would be anticipated along streams with steeper gradients
(e.g. in the north part of the study area, outside NTS 31H). Further, differential glacial
rebound across the study area might change the influence of elevation in the
susceptibility model. Finally, the eastern part of the study area contains a specific
physiographic feature that is largely absent from NTS 31H: eroded alluvial terraces
associated with the paleo-Ottawa River, which carved wide channels and left high
abandoned river banks that have been affected by numerous very large landslides, per
Aylsworth and Lawrence (2003).
The susceptibility model predicts landslides along the derived stream network, which
captures rivers and streams that drain into the Ottawa and Saint Lawrence Rivers. This
network does not account for the abandoned banks of the paleo-Ottawa River, nor does
it account for the existing banks of the Ottawa and Saint Lawrence Rivers. The eroded
alluvial terraces are shown in light green in Figure 6-11, and the boundaries of those
terraces may be assumed to consist of abandoned river banks. The landslides in the
Ottawa area mapped by Fransham and Gadd (1977) that intersect these abandoned
banks are shown in Figure 6-25. These landslide features represent 40 of a total of 211
features mapped by those authors, accounting for a total of 78 out of 204 km2 of surface
area. Landslides along the abandoned banks of the paleo-Ottawa river therefore
represent close to half of all landslides in the western half of the study area, and this
explains why landslides are nearly twice as frequent, spatially, in that area compared
with NTS 31H. Large ancient landslides may also be very common along the banks of
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the Ottawa and Saint Lawrence Rivers, as suggested by Lajoie (1974), and as observed
by Quinn et al. (2007a). The existing and abandoned banks of these very large rivers
should therefore be considered separately from the susceptibility model developed in
this Chapter.

Figure 6-25. Large landslides along abandoned banks of the proto-Ottawa River.
It can be seen that there are a number of locations, both inside NTS 31H, and in the
western part of the study area where literature data are relatively complete, with
elevated susceptibility but no landslide features. In other words, the model tends to
overpredict landslide occurrence in some areas. In many cases, the absence of
landslides can be explained by physiographic conditions leading to a lower tendency for
downcutting of the river channel. For example, in the upper reaches of the South Nation
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River, thalweg elevation is controlled by a dam at Casselman, limiting the potential for
downward erosion, and thus reducing the probability of large landslides. By contrast, the
reach downstream from Casselman, with no such fixed control on thalweg grade,
includes a number of large landslides, including the South Nation River slide illustrated
in Figure 6-2.
6.5.4 Application of the Susceptibility Model to Linear Infrastructure
The susceptibility model is intended to be used as a screening tool, at the regional level,
suitable for identifying potential high susceptibility areas for more detailed study. This
intended use can be tested by applying the model to the case of existing linear
infrastructure. Potential high susceptibility areas can be targeted for more detailed
investigation via further air photo survey and potential field investigation. This approach
was applied to selected railway lines in the study area.
A large number (n = 66) of railway river crossings outside NTS 31H were chosen, as
shown in Figure 6-26, and the landslide susceptibility values were obtained for each
crossing location. These locations were chosen on the basis of selecting most low to
moderate and moderate to high areas along the railway lines, plus a small number of low
susceptibility railway river crossings. Air photos were then reviewed for each river
crossing to determine whether large landslides were evident within 2 km. Table 6-5
presents the results of this work.
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Figure 6-26. Locations of test points along primary railway corridors outside NTS 31H.
Table 6-5. Incidence of large landslides within 2 km along selected railway water crossings
outside NTS 31H.
Susceptibility
Category

Number of
Crossings

6
22

Number of
Crossings
with no
Landslides
within 2 km
6
18

Number of
Crossings
with
Landslides
within 2 km
0
4

Observed
Probability
of
Landslides
within 2 km
0%
18 %

Expected
Probability
of
Landslides
within 2 km
10 - 16 %
26 - 40 %

Low
Low to
Moderate
Moderate to
High

38

25

13

34 %

44 - 59 %

The railway corridors outside 31H, as shown in Figure 6-26, total approximately 825 km.
Comparison with the susceptibility map allowed the isolation of approximately 60 low to
moderate or moderate to high areas, or roughly 60 out of 825 km, assuming
approximately 1 km width of elevated susceptibility along the associated river or stream
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(i.e. considering approximately 500 m on either side of the stream). This initial review
therefore allowed over 92 % of the railway corridor to be set aside from further
consideration due to low susceptibility. A total of 17 railway river crossings out of 66
have large retrogressive landslides within 2 km, or 26 % of the selected river crossings,
based on the air photo survey, leaving roughly 17 of 825 km for more detailed
consideration, which might involve more detailed air photo survey, site visits,
topographic surveys, or, potentially, subsurface investigation.
The frequency of large landslides at river crossings along the railway corridors is
somewhat less than, but close to, the values anticipated from Table 6-3 or Table 6-4,
suggesting that those values may be conservative for this specific application. The
lower frequency may be due to the location of the railway lines, generally in the southern
part of the study area, where landslides are expected to be somewhat less frequent than
average (e.g. due to the absence of abandoned banks of the paleo-Ottawa River). The
results nevertheless confirm the utility of the model; it can be used to identify areas of
potential landslide susceptibility and focus additional study to areas where such effort is
merited. Sections of railway corridor with low susceptibility can be set aside from further
study with confidence. In this case, a rapid comparison of the susceptibility model with
railway locations, followed by reconnaissance level air photo study, allowed the isolation
of 2 % (i.e. 17 out of 825 km) of the primary railway corridors for more detailed study.
6.5.5 Potential Improvements to the Susceptibility Model
The preceding discussion shows that the model is very useful when used at the scale for
which it was designed – the regional scale – and when used in consideration of the
specific hazard contemplated in the digital landslide inventory used for the work – large
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retrogressive landslides observable in 1:50,000 air photos. The model is not intended to
be applied at the local scale, nor is it intended to be used to predict incidence or
absence of small landslides, which are pervasive throughout the study area along most
rivers and streams. Further, it does not consider the possibility of large landslides along
existing or abandoned banks of the Ottawa and Saint Lawrence Rivers.
A number of potential modifications could make this susceptibility model better at the
regional scale, including:
o

Expansion of the landslide inventory to include a more substantial area north of
the Saint Lawrence River (e.g. NTS 31I);

o

Consideration of additional spatial data, including: variation of landslide
frequency from north to south; regional relief; river bank height; and, stream
gradient and tortuosity; and

o

Expansion of the model to include the eastern half of the former Champlain Sea
area.

The model could potentially be refined to be suitable for use at the local scale. This
would require:
o

Improvement of the digital landslide inventory through analysis of larger scale air
photos;

o

Higher resolution digital terrain data;

o

Larger scale surficial soil maps; and

o

Digital bedrock maps.
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The outcome of the present work is a susceptibility model which predicts spatial
distribution of existing large landslides. The next logical step would be to upgrade it to a
hazard model. The word hazard, in this context, implies an understanding of temporal
distribution, which is absent from the susceptibility model. This additional component
would support the prediction of future landslides, rather than simply the spatial
distribution of past landslides. As a first approximation, one can assume that the
temporal distribution of future landslides will be a linear function of proximity to past
landslides. This is likely to serve as a reasonable first approximation, in the absence of
temporal data; however, the continuing presence of landslide conditioning factors in
areas of past landslides will vary across the study area, so predictions based on this
approach will vary spatially in their accuracy.
An initial approximation of landslide risk, which is a combination of hazard and
consequence (where consequence considers the presence of potentially affected
receptors, and the significance to those receptors of a given hazard occurring) can be
developed from this susceptibility model at the regional scale. Such a risk model would
be a useful screening tool for managing risk to linear infrastructure, such as railways,
pipelines, highways or power transmission lines.

6.6 CONCLUSIONS
This Chapter has presented a regional scale landslide susceptibility model for the
western half of the former Champlain Sea in eastern Ontario and southern Quebec,
Canada. The model was developed using the weights of evidence method, relating
large, retrogressive landslide features to digital elevation data, flow accumulation along
the stream network, surficial soil type, thickness of overburden soils, and land use.
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Additional spatial data, including slope angle, slope aspect, and bedrock type were
considered for the analysis but not included since the data were not useful or
consistently available at the regional scale of analysis.
The work resulted in a landslide susceptibility map for the study area, with three broad
ranges of susceptibility: low, low to moderate, and moderate to high. These descriptive
categories were selected on the basis that most landslide areas would fall outside the
low category. The qualitative descriptors were extended to a probabilistic meaning,
where each category is associated with a specific probability of existence of large
retrogressive landslides within 500 m, 1 km or 2 km.
The model was prepared on the basis of comparison of landslides and geospatial data
within a limited section of the study area, NTS 31H. It is seen that landslides are nearly
twice as frequent outside NTS 31H. Such differences are understandable, given the
variation in geological and physiographic conditions across the study area. The
descriptive susceptibility categories maintain the same general meaning outside NTS
31H, and so the model appears to be equally applicable, provided this difference in
spatial probability is considered, and the higher values are used outside NTS 31H.
This susceptibility model is intended for use as a screening tool at the regional scale,
useful for focussing efforts for more detailed study, and its use is limited to large
retrogressive landslides. Other geological hazards, including small landslides pervasive
throughout the study area, are not considered by the model. The model has been
shown to be a useful screening tool along railway corridors in the study area. The model
allows for the rapid selection of locations that deserve further study, and these can be
screened rapidly into a much smaller number of potentially susceptible locations through
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reconnaissance level air photo analysis. Field reconnaissance of this selected set of
sites would further narrow the focus for additional work, which might include detailed
surveys and/or subsurface investigation.
The susceptibility model could be improved by expanding its scope to include the rest of
the Champlain Sea area, and by using additional data to make it suitable for use at the
local scale. Its probabilistic basis makes it useful as the initial tool for examining
landslide hazard and risk. The model should be expanded to consider temporal
distribution of landslides, which would support development of a hazard map. Such a
hazard model would then support risk analysis and management, which would consider
potentially affected receptors, including linear infrastructure.
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Chapter 7
Characteristics of Large Landslides in Sensitive Clay in Relation
to Susceptibility, Hazard and Risk
This Chapter has been prepared for submission to the Canadian Geotechnical Journal in
2009 as follows:
Quinn, P., Hutchinson, D.J., Diederichs, M.S, and Rowe, R.K. Characteristics of large
landslides in sensitive clay in relation to hazard and risk. To be submitted to
Canadian Geotechnical Journal.

7.1 INTRODUCTION
The gentle clay plains of the Saint Lawrence Lowlands in eastern North America contain
extensive deposits of sensitive clay, known in Canada as Leda clay or Champlain clay.
The approximate extent of marine sediments in the study area is illustrated in Figure 7-1.

Figure 7-1. Study area.
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Sensitive clay undergoes a significant strength loss under undrained loading conditions,
and can flow like a viscous liquid when fully remoulded. Slopes in Champlain clay are
subject to large landslides that typically start at a river bank and then progress, or
retrogress, to involve substantial areas beyond the river bank, generally involving
extensive areas of very gently sloping terrain. These landslides are very rapid, and tend
to occur suddenly, generally without any obvious warning.
Large landslides in sensitive clay can cause considerable damage. The Saint-JeanVianney slide of 1971 destroyed 40 houses, a highway bridge, local roads and a power
transformer. That landslide also caused 31 fatalities (Tavenas et al. 1971). By contrast,
many of these large landslides occur in sparsely populated areas, causing no damage
other than loss of productivity for farming or forestry. Large landslides causing
significant damage are relatively infrequent, and so the risk to infrastructure associated
with this specific hazard is not well understood. This Chapter compiles data from the
literature and from an available digital inventory of large landslides, and presents
bounding estimates of spatial and temporal frequency, as well as likely geometric
attributes of potential future large landslides in Champlain clay. These findings can be
used to examine hazard and risk in relation to specific receptors, such as railways or
other linear infrastructure.
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7.2 SENSITIVE CLAY LANDSLIDES: SUSCEPTIBILITY, HAZARD AND RISK
7.2.1 Definitions
This Chapter uses the terms landslide hazard and risk in the same sense as proposed
by Varnes (1984), as used by Soeters and van Westen (1996). The meanings of key
terms are as follows:
Susceptibility is the tendency for conditions to exist that are favourable to the
development of new landslides. This is a measure of the tendency for future landslides
to occur, with no information regarding the temporal frequency, or return period. A
landslide susceptibility map will show where landslides are more or less likely to occur,
without reference to annual probability of occurrence;
Hazard means the probability of occurrence of a potentially damaging phenomenon
within a specified area and period of time. A landslide hazard map would delineate
areas with respect to the annual probability of occurrence (or return period) of a specific
landslide hazard; and
Risk is a measure of the damage, or loss, anticipated to occur, given the potential
occurrence of the hazard. Risk is often expressed as the product of the probability of
occurrence times the magnitude of potential consequences. Such consequences may
be expressed as the product of the likelihood of exposure (i.e. probability of the
presence of a specific receptor) times the receptor’s vulnerability, given the occurrence
of the landslide hazard.
Vulnerability is the receptor’s tendency to be harmed, given exposure to the hazard.
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Additional key terms are defined in the Glossary in Appendix A. The rest of this Chapter
presents information that may be used to build from a susceptibility map to estimate
landslide hazard, and ultimately to estimate risk to specific receptors given the existence
of that hazard.
7.2.2 General: nature of the specific hazard

Figure 7-2. South Nation River slide of 1971. (Reproduced with the permission of
Natural Resources Canada 2008, courtesy of the National Air Photo Library)
Landslides in sensitive clay can be grouped into different types. A first distinction may
be made between small and large landslides. For the purposes of this Chapter, a large
landslide has a minimum dimension of about 100 m, and anything smaller is considered
a small landslide. A review of air photos by Quinn et al. (2007a, Chapter 2) suggests
that small landslides tend to be local rotational slides, involving a river bank without
involving a significant amount of the gentle plains above the crest. These landslides are
nearly ubiquitous throughout the Champlain clay plains of eastern Canada, occurring
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along most rivers and streams (Quinn et al. 2007b, Chapter 3), particularly those with
more active erosion processes. Large landslides typically start at a river bank, but then
subsequently progress, or retrogress, well beyond the crest of the bank to involve some
significant portion of the gentle clay plains adjacent to the river valley. Figure 7-2 shows
a typical large landslide in plan view.
Large landslides in sensitive clay can have different mechanisms and associated
morphology, with various terms used in the literature to describe these mechanisms.
The specific mechanism may be inferred on the basis of morphology of the landslide
after its occurrence. Carson (1981) distinguishes between “coulées,” and “ribbed
flowbowls.” The former type involves a significant flow of mobile blocks of soil and
fluidized silt or clay, often leaving the depletion zone, or landslide crater, largely empty,
with a fully or partially exposed rupture surface. The latter type involves less flow, and
demonstrates a more pronounced translational sliding and spreading mode of
movement, with a distinct horst and graben morphology in the zone of depletion. These
two types may be more precisely termed earth flows and earth spreads, in the Cruden
and Varnes (1996) terminology. Hungr et al. (2001) refer to the earth flows in sensitive
clay as clay flow slides, and the abbreviated term flow slide will be retained in this
Chapter. Earth spreads will hereafter be called lateral spreads.
A flow slide in sensitive clay generally involves transport of debris some considerable
distance downstream, and may also involve significant upstream transport. With lateral
spreads, the debris is most often not transported very far from the landslide crater (i.e.
depletion zone), but rather translates directly out from the mouth of the crater without
significant flow. Figure 7-3 shows a typical flow slide in plan view. Examples of flow
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slides include the 1971 Saint-Jean-Vianney slide (Tavenas et al. 1971) and the 1993
Lemieux slide (Evans and Brooks, 1994). Examples of lateral spreads include the
Rigaud slide (Carson, 1979) and the Saint-Boniface-de-Shawinigan slide (Bégin et al.
1996). The South Nation River slide, shown in Figure 7-2, appears to be a combination
of both types, or an earth spread-earth flow in the terminology of Cruden and Varnes
(1996). The morphology within the crater suggests spreading, but the mobility of the
debris downstream is a clear indication of flow.

Figure 7-3. Typical large landslide in sensitive clay along a river.
A third type of large landslide, often called a “flake slide,” is commonly reported in the
literature in Norway and Sweden, but is less common in Canada. A flake slide is a
translational landslide, similar to lateral spreading as previously described, but where the
monolithic slide mass remains more or less intact during movement, without breaking up
into a series of horsts and grabens. This landslide type is an earth slide according to
Cruden and Varnes, and will be referred to as a flake or flake slide in this Chapter.
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Examples of Canadian slides that may have failed as flakes include Toulnustouc
(Conlon 1966) and Saint-Liguouri (Grondin and Demers 1996).
It is suggested that these three general landslide types are not distinct types, but rather
reflect different points along a continuum, with the observed style of movement
depending on the thickness and stiffness of the slide mass translating on liquefied clay,
as well as the amount of fluidization, or thickness of liquefied clay beneath the mobile
blocks. The remoulded strength of the liquefied clay is also believed to be an important
factor in the type of movement, as large retrogressive flowslides only tend to occur for
clays with a remoulded strength of 1 kPa or less (Lebuis et al. 1983).

Figure 7-4. Dimensions of the landslide crater.
The size and shape of the depletion zone, or crater, is here suggested to be related to
the type of landslide and its associated potential for different types of impacts. Figure
7-4 illustrates three key crater dimensions: length, Lcr; outlet width, W out; maximum width,
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W max; and, perimeter length, Lp. Figure 7-5 shows four different general shape types:
short and wide; roughly circular, or equidimensional; elongate; and, bottleneck.

Figure 7-5. Landslide crater shape classification.
The crater dimensions can be compared to obtain the following ratios that may be used
as indices related to the crater’s shape:
[7-1a] RL =

Lcr
= length ratio;
Wout

[7-1b] RW =

Wmax
= width ratio; and
Wout

[7-1c] RP =

Lp
Wout

= perimeter ratio.

Table 7-1. Typical crater dimension ratios for different crater shapes.
Crater Shape
Classification
1 - short, wide
2 – equidimensional
3 – elongate
4 - bottleneck

Length Ratio
RL
<1
~1
> 1.5
>4

Width Ratio
RW
1
~1
<2
>2
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Perimeter Ratio
RP
<2
>2
>4
> 7-8

By inspection, type 1 craters will have width and perimeter ratios of close to unity, and
length ratios of less than unity. By contrast, type 4 craters, or bottlenecks, will have
relatively high values for all three ratios. Types 2 and 3 will have intermediate values
ranging between these extremes. The sum of the length and width ratios, (RL + RW ),
may be a more useful indicator of shape than either of those ratios on its own, since the
sum captures two different aspects of shape that are not directly related. Table 7-1
presents typical values of these three ratios that define the different shape classifications
qualitatively.
7.2.3 Landslide Susceptibility – Spatial Distribution
Quinn et al. (2009, Chapter 6) describe a methodology for mapping landslide
susceptibility throughout the study area using the weights of evidence approach, which
is a bivariate statistical mapping method that compares the known incidence of
landslides with other geospatial features. The resulting susceptibility map, shown in
Figure 7-6, divided the study area into three different categories: low; low to moderate;
and, moderate to high. Each of these descriptive categories is associated with specific
probabilities of existence of large landslides within set distances; for example, the
moderate to high category implies 15, 26 and 44 % probabilities of encountering at least
one existing large landslide within 500, 1000 and 2000 m, respectively. This information
will be used subsequently as a partial basis for predicting the frequency of future large
landslides.
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Figure 7-6. Landslide susceptibility map (from Quinn et al. 2009, Chapter 6), with inset
map showing known landslides as black dots.
7.2.4 Landslide Hazard – Temporal Distribution
Predictions of future temporal frequency of large landslides depends on an
understanding of the typical return period, which depends in large part on a knowledge
of past distribution of landslides over time. Limited data are available in the literature,
and these will be examined later to establish a range of potential return periods, both
across the entire study area and in selected high density areas.
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7.2.5 Landslide Risk – Interaction between Landslides and Receptors
Large landslides in sensitive clay can affect receptors in several different ways, as
illustrated in cross section in Figure 7-7, and in plan view in Figure 7-8. These Figures
use railway lines as illustrative examples of a specific receptor that could be damaged in
one of these events. People, buildings, transportation corridors or other infrastructure
within the landslide crater at the time of the slide will be displaced, and potentially hurt or
damaged. Similarly, people or infrastructure in the direct path of the moving debris may
be impacted or buried by moving debris.

Figure 7-7. Potential impacts of large landslides.
Debris that flows up or down river can affect infrastructure that crosses the river. The
flowing debris from the Saint-Jean-Vianney slide of 1971 destroyed a bridge 2.8 km
downstream (Tavenas et al. 1971). Debris from the 1993 Lemieux slide flowed up under
a bridge 800 m upstream, impacting the span with a tree, without causing damage
(Evans and Brooks 1994). Flowing debris from the 1971 South Nation River slide
severed a downstream power line (Eden et al. 1971). In some cases, the debris may
ride up over the opposite river bank. This occurred at Notre-dame-de-la-Salette, where
in 1908 a relatively small landslide rode up over the far bank of the Lièvre River in
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Quebec, carrying broken chunks of thick river ice and destroying a small town on the
opposite bank and killing 33 inhabitants (Ells, 1908).

Figure 7-8. Potential impacts of large landslides.
Large landslides in sensitive clay frequently dam the river, causing water levels to rise
for some distance upstream, leading to flooding. The dam formed by the landslide
debris may also breach suddenly, resulting in a flood surge downstream.

7.3 DATA ACQUISITION
Data to support an analysis of hazard and risk have been obtained from two primary
sources: a number of landslide case studies in the literature; and, a digital inventory of
large landslides in a section of the former Champlain Sea in southern Quebec. Table
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7-2 presents a list of landslide case studies along with their associated literature sources
and selected basic descriptive data. Figure 7-9 shows the study area for a detailed
landslide inventory of National Topographic System (NTS) zone 31H in southern
Quebec, as reported by Quinn et al. (2007b, Chapter 3). Figure 7-10 shows the general
distribution of large landslides throughout that study area. A total of 2648 possible
landslide features within NTS 31H were reported by Quinn et al. (2007b, Chapter 3), of
which 1259 were believed to be large retrogressive landslides, and the remainder were
considered more likely to be other mass wasting features, such as abandoned river
meanders or small rotational landslides.

Figure 7-9. Study area for digital landslide inventory.
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Figure 7-10. Digital inventory of large landslides in NTS 31H.
Table 7-2. Landslide case studies from the literature.
Landslide
Number

Landslide
Name

Country
or
Province

Distance
to Nearest
Older
Large
1
Landslide
(m)

Landslide
Type2

Reference(s)

Year

Month

1

Baastad

Norway

0

Flake

1974

December

2

Bekkelaget

Norway

Flake

1953

October

3

Furre

Norway

1959

April

4

Hawkesbury

Ontario

Flake and
flow
Spread

Gregersen
and Loken,
1979
Eide and
Bjerrum,
1954
Hutchinson,
1961
Eden, 1956

1955

December

Flakes or
Lateral
Spreads:
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Landslide
Number

Landslide
Name

Country
or
Province

5
6

Hekseberg
La Grande
River

Norway
Quebec

7

NotreDame-dela-Salette
Rigaud
Rissa

Quebec

2000

Spread

Quebec
Norway

10

10

SaintAlbans

Quebec

Spread
Flake and
flow
Spread

11

SaintBonifacedeShawinigan
SaintLiguouri

Quebec

500

Spread

Quebec

200

Flake

13

Skottorp

Sweden

200

Spread

14

South
Nation River
Toulnustouc
Vibstad

Ontario

200

Quebec
Norway

0

Spread
and flow
Flake
Spread

Quebec

0

20

1663 SaintJeanVianney
1971 SaintJeanVianney
Green
Creek
Kenogami

21

Khyex River

22
23

8
9

12

15
16

Distance
to Nearest
Older
Large
1
Landslide
(m)

Landslide
Type2

Reference(s)

Year

Month

Flake
Flake

Drury, 1968
Lefebvre and
Lavallée,
1991
Ells, 1908

1967
1987

March
September

1908

April

Carson, 1979
Gregersen,
1981
Wilson and
MacKay,
1919;
Hodgson,
1927
Begin et al.,
1996;
Demers et
al., 2000
Grondin and
Demers,
1996
Odenstad,
1951
Eden et al.,
1971
Conlon, 1966
Hutchinson,
1965

1978
1978

May
April

1894

April

1996

April

1999

July

1946

February

1971

May

1962
1959

May
February

Flow

Leggett and
LaSalle, 1971

1663

August

Flow

Tavenas et
al., 1971

1971

May

Flow

Eden, 1967

--

Quebec

Flow

October

Flow

2003

November

Lemieux

British
Columbia
Ontario

0

Flow

1993

June

Maskinonge

Quebec

50

Flow

Brzezinski,
1971
Schwab et
al., 2004
Evans and
Brooks, 1994
Wilson and
Mackay,
1919;
Hodgson,
1927;

~
820
1924

1840

April

Retrogressive
Flowslides:
17
18
19

Quebec
Ontario
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Landslide
Number

Landslide
Name

Country
or
Province

Distance
to Nearest
Older
Large
1
Landslide
(m)

Landslide
Type2

24

Mink Creek

British
Columbia

0

Flow

25

Nicolet

Quebec

Flow

26
27

Poupure
SaintAmbroisede-Kildare
Saint-Louis

Quebec
Quebec

Flow
Flow

Quebec

50

Flow

29

SaintThuribe

Quebec

10

Flow

30

Selnes

Norway

0

Flow

31

Ullensaker

Norway

100

Flow

32

Vaerdalen

Norway

28

Flow

Reference(s)

Carson, 1981
Geertsema et
al., 2006
Crawford and
Eden, 1963;
Hurtubise
and
Rochette,
1956
Ells, 1908
Carson, 1979
Morin, 1947;
Clark, 1947
Wilson and
Mackay,
1919;
Hodgson,
1927
Kenney,
1967
Bjerrum,
1955
Holmsen,
1953

Year

Month

1993
or
1994
1955

December
or January

1903
1975

October
--

1945

May

1898

May

1965

April

1953

December

1893

May

November

Note: 1. Proximity to nearest older large landslide estimated from the source reference
document or by comparison with data from other sources within GIS. Where distance is
zero, the landslide either enveloped or cut into an older landslide.
2. As interpreted from descriptive information in the literature, or as specifically
described by the author(s) of the relevant case study.
The case studies were examined to obtain a range of data for documented landslides.
These data included specific geometric information (e.g. size, travel angle), and
information regarding landslide consequences (e.g. casualties, infrastructure damage).
The digital landslide inventory was examined to obtain statistical properties of the
landslide database (e.g. shape and size). These data are summarized and discussed in
the subsequent sections.
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An assessment of landslide hazard requires an understanding of the temporal
distribution of landslide occurrence. This allows an estimate of the future likelihood of
occurrence. Data regarding temporal distribution were extracted, where available, from
the literature. The digital landslide inventory prepared by Quinn et al. (2007b, Chapter 6)
was also examined to obtain upper and lower bounds for temporal frequency of
landsliding within the study area.

7.4 RESULTS
7.4.1 Characteristics of large landslides documented in the literature
7.4.1.1 Physical characteristics of documented large landslides
Table 7-3 presents basic geometric data for 32 large landslides in sensitive clay. Half of
these landslides failed as either flake slides or lateral spreads, and the other half were
flow slides. They range in size from 8 x 103 to 2.9 x 106 m2 in surface area (size of the
crater, or depletion zone). The flakes and spreads reported in the literature tend to be
much smaller, on average (1.3 x 105 m2), than the flow slides (8.8 x 105 m2), which show
considerably more variation in surface area (coefficient of variation 238 %, as compared
to 85 %).
Table 7-3. Geometric data from landslide case studies in the literature.
Landslide
Number

Crater
Area
2
(m )

Crater
Volume
3
(m )

Debris
Travel
1
Distance
(m)

Travel
2
Angle
(m)

Crater
Length
Lcr
(m)

Outlet
Width
Wout
(m)

Max.
Width
Wmax
(m)

RL

RW

(RL+RW)

8x104
4
1.6x10
1.8x105
4
6.7x10

1.5x106
5
1x10
2.8x106
5
3.8x10

800
20
280
50

3
15.5
2

270
165
285
150

480
200
625
440

480
200
875
440

0.6
0.8
0.5
0.3

1.0
1.0
1.4
1.0

1.6
1.8
1.9
1.3

Flakes or
Lateral
Spreads:
1
2
3
4
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Landslide
Number

Crater
Area
2
(m )

5
6
7
8
9
10
11
12
13
14
15
16
Mean:
Std. Dev.:
n:

3.5x104
5
1.2x10
2.4x104
3
8x10
3.3x105
5

3.1x10
5
1x10
8x104
2.8x105
5
2.7x10
4
7x10
1.3x105
1.1x105
15

Crater
Volume
3
(m )

3.8x10
6
1x10
2.7x106
2.4x106
11

2900
300
250
638
947
8

0.5
1.9
2.5
4.72
4.26
10

Crater
Length
Lcr
(m)
220
285
150
70
1250
800
200
175
240
490
305
230
330
298
16

2.1x107
6.9x106

2900

2.9

5300
1000

1500
100

3100
800

535
170
345
230
175
420
115

770
190

2.5
2

375
230
480
690
1025
460
205

0.6

400
275
780

115
100
65

175
205
485

2.43
1.99
6

325
170
2600
954
1346
15

135
60
320
292
362
15

220
180
2400
714
899
14

6

3.5x10

Debris
Travel
1
Distance
(m)
500

Travel
Angle2
(m)
6
6.5
3.8
5.5

5.5x106
6

8x10
6
1.6x10
1.5x106
6

Outlet
Width
Wout
(m)
160
650
415
280
890
7200
1100
390
380
640
885
360
943
1689
16

Max.
Width
Wmax
(m)
180
650
415
280
890
7200
1100
475
380
640
885
360
966
1684
16

RL

RW

(RL+RW)

1.4
0.4
0.4
0.3
1.4
0.1
0.2
0.4
0.6
0.8
0.3
0.6

1.1
1.0
1.0
1.0
1.0
1.0
1.0
1.2
1.0
1.0
1.0
1.0

0.57
0.38

1.05
0.11

16

16

2.5
1.4
1.4
1.3
2.4
1.1
1.2
1.7
1.6
1.8
1.3
1.6
1.62
0.40
16

3.5
10.
0
0.7
1.4
1.4
3.0
5.9
1.1
1.8

2.1
8.0

5.6
18.0

1.4
1.1

2.1
2.5

1.4
2.4
1.3
1.4

4.4
8.3
2.4
3.2

3.5
2.8
12.
0
2.4
2.8
8.1

1.5
2.1
7.5

5.0
4.8
19.5

1.6
3.0
7.5

4.02
3.44

3.03
2.56

15

14

4.0
5.8
15.6
7.23
5.94
14

Retrogressive
Flowslides:
17
18

8x106
2.7x105

19
20
21
22
23
24
25
26
27
28
29

2.8x105
4.2x104
5
3.2x10
1.7x105
5
3.4x10
2.3x105
1.7x10
5.5x104
3.8x104
3.5x105

1.2x105

30
31
32
Mean:
Std. Dev.:
n:

1.8x104
5x104
6
2.9x10
8.8x105
6
2.1x10
15

1.4x105
2x105
7
5.5x10
9.5x106
7
1.7x10
10

2x106
6
4.7x10
2.8x106
2.5x106

5

1200
550
1700
1700
2400
1200
450
1200

6
0.6

200
2300
1500
5000
1715
1262
13

320
420
565
165

Notes: 1. Longest distance debris travelled from the crater outlet, either upstream,
downstream, or directly across. This differs from the standard definition of travel
distance, which includes length of the depletion zone, or crater.
2. Travel angle as defined by Cruden and Varnes (1996), estimated from available
geometric data in the reference case studies.
Flake slides and lateral spreads tend to have a higher travel angle than flow slides,
where travel angle is defined by the angle formed by the loss in elevation and the travel
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distance, over the line of travel, from the crown to the foot of the landslide. The average
values of 4.7 and 2.4 degrees, respectively, are much lower than typically observed in
most other types of large landslides (Corominas, 1996 and Cruden and Varnes 1996),
but similar to values reported by Geertsema and Cruden (2008) for large landslides in
marine clay. These low travel angles reflect the high mobility, and low bulk friction
angle, of the landslide debris.
Mobility of the landslide debris can also be characterized by the length of the
accumulation zone, which is the maximum distance over which the debris extends from
the mouth (outlet) of the depletion zone (i.e. crater) to the foot of the landslide (i.e.
outermost extent of accumulated material). The flow slides have a larger average travel
distance (1715 m versus 314 m for the flakes and spreads). This can be compared to
the difference in average crater length (954 m versus 330 m).
Retrogression distance (i.e. length of the depletion zone, or crater length, Lcr) is, on
average, very close to the square root of the crater surface area (i.e. 330 m as
compared with 327 m) for flakes and spreads, and roughly 50 % greater for flow slides
(i.e. 954 m as compared with 641 m). Length of the accumulation zone is roughly equal
to, or nearly three times, the square root of crater area (i.e. 314 m and 1715 m, as
compared with 327 m and 641 m), on average, for flakes/spreads and flow slides,
respectively. Retrogression distance and debris mobility are therefore related to both
landslide size and type, with flow slides having longer craters and longer debris run out.
The typical shape of flake slides and lateral spreads differs from that of the flow slides,
as can be seen from the length and width ratios, and the sum of these two ratios, listed
in Table 7-3. Flakes and spreads have low length ratios (mean value 0.6), width ratios
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close to unity (mean value 1.1) and low resulting sums (mean value 1.6). By contrast,
flow slides have much higher length ratios (mean value 4.0), width ratios (mean value
3.0) and resultant sums (mean value 7.2). The shape of the landslide crater appears,
therefore, to be strongly related to the type of failure mechanism. This shape can
therefore be used to estimate the likelihood of shorter or longer debris travel distance,
given the occurrence of a landslide.
Large landslides tend to occur close to other large landslides. Referring to Table 7-2,
where data are available, large landslides occur, on average, within less than 375 m of
older large landslides (n = 8 flakes and spreads, 9 flows; min = 0 m, max = 3000 m,
standard deviation = 830 m). This suggests that future landslides are more likely to
occur relatively close to existing older landslide features, and less likely to occur in
isolation in areas where landslides have not occurred in the past. Based on this
relatively small sample size (17), large landslides are very likely (85 % confidence limit,
mean plus one standard deviation) to occur within about 1200 m of at least one other
large landslide.
7.4.1.2 Consequences of documented large landslides
Tables 7-4 and 7-5 summarize the consequences of the landslides documented in the
case studies, beginning with effects on infrastructure and then addressing effects on
human life. Most of these documented landslides resulted in some form of damage to
built infrastructure, including buildings, transportation infrastructure, power lines and a
gas pipeline. Buildings were damaged or destroyed in sixteen (50 %) of the documented
cases, and linear infrastructure was damaged in twelve (38 %) cases. Damage to other
point facilities (e.g. including degraded water quality at downstream water treatment
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plants, blocked culverts and destruction of a power transformer) occurred in seven (22
%) cases. Damage was caused directly by loss of ground (i.e. effects to infrastructure
within the crater) in sixteen (50 %) cases, and indirectly by flowing debris or flooding in 5
(16 %) cases.
Table 7-4. Effects of landslides to infrastructure as documented in case studies in the
literature.
Landslide
Number

Landslide
Type

Affected
Land Use

Affected
Buildings

1

Flake

farmland

2

Flake

industrial

barn plus two
sheds
four buildings

3

Flake/Flow

farmland

4
5

Spread
Flake

pasture/woodland
farmland

6

Flake

remote,
undeveloped

7

Spread

farmland

8

Spread

farmland

9

Flow/Flake

farms

10
11

Spread
Spread

woodland

12

Flake

13

Spread

golf course,
residential
farmland

14

Spread/Flow

farmland

15
16

Flake
Spread

woodland
woodland

Other
Affected
Infrastructure

Flooding

Flakes or
Lateral
Spreads:

primary road and
railway cut

several farm
buildings

yes
blocked culverts

farm buildings
threatened by
flooding

numerous
dwellings
numerous
farm buildings

yes, minor
yes, + 3-4 m

poor water
quality at
treatment plant
downstream
short section of
road cut
power line
damaged
local road
destroyed
altered
course of
river

house and
warehouse
power station
and workshop
flooded

road destroyed
for 200 m
power station
service
interrupted
power line cut by
flowing debris

+ 11-12 m
+ 11 m
+6m

378

Landslide
Number

Landslide
Type

Affected
Land Use

Affected
Buildings

Other
Affected
Infrastructure

residential and
farmland

40 houses

local roads
destroyed,
highway bridge
destroyed 2.8 km
downstream,
power
transformer
destroyed

complete mill
shut down

mill works and
yards damaged
gas pipeline cut

Flooding

Retrogressive
Flowslides:
17
18

Flow
Flow

19
20

Flow
Flow

paper mill yards

21

Flow

woodland

22

Flow

woodland

23
24

Flow
Flow

woodland

25

Flow

26

Flow

27
28

Flow
Flow

farmland

29

Flow

farmland

30

Flow

farmland

31

Flow

farmland

32

Flow

farmland

upstream bridge
threatened,
degraded water
quality

up to 10 km
upstream
+ 12 m to 18
km upstream

+ 12 m to 1.2
km upstream

church and school
grounds

school, two
houses,
bishop's
palace

garage and
outbuildings,
house
undermined
several farm
buildings
several farm
buildings
farm house
and barn
destroyed
numerous
buildings
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local roads
destroyed, bridge
approach
threatened
section of road
displaced, locks
filled with clay

yes

highway cut

yes, no
damage

road cut

Table 7-5. Effects of landslides to human life as documented in case studies in the
literature.
Landslide
Number

Landslide
Type

Duration

Deaths

Survivors

1

Flake

< 60 seconds

0

2

Flake

15-20
seconds

3

Flake/flow

4-6 minutes

4 occupants of
van that drove
into crater
1

10 people on the slide escaped
without injury
Several people were on the slide and
escaped without injury

7

Spread

unknown

33

9
12

Flow/flake
Flake

45 minutes
< 5 minutes

1
0

15

Flake

< 10 minutes

18

Flow

45 minutes

0 (none
mentioned in
the case
history)
31

20

Flow

Several hours

22

Flow

1 hour

Some (no
number given in
the case
history)
0

25

Flow

< 7 minutes

3

28

Flow

15 minutes

0

29

Flow

3 hours

1

30

Flow

unknown

0

31

Flow

unknown

0

32

Flow

30 minutes

> 111

13 people on the slide escaped
without injury
Numerous inhabitants of the town
escaped without injury
39
4 people on the slide escaped
without injury
Several loggers working at/near the
slide site escaped without injury
Numerous inhabitants, as well as a
bus load of shift workers, escaped
the slide without injury
Numerous mill workers at/near the
slide escaped without injury
One person drove his truck into the
crater and was rescued, having
suffered minor injuries
Some inhabitants escaped without
injury
The landowner (farmer) escaped
without injury
Several people escaped without
injury
19 people on the slide escaped
without injury
The landowner (farmer) escaped
without injury
Numerous inhabitants escaped
without injury

All buildings, roads and other infrastructure within landslide craters in the case studies
were destroyed, suggesting any such facilities are completely (i.e. 100 %) vulnerable to
damage, given the occurrence of a landslide at that location. Less is known about the
presence of other infrastructure potentially affected by flooding or by impact by sliding or
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flowing debris. Such facilities may be affected in some cases, but were not always
affected. The vulnerability of infrastructure, given landslide related flooding or proximity
to sliding or flowing debris, is therefore greater than zero but less than unity. The data
are not sufficient to obtain a more precise estimate.
People were present on or immediately adjacent to sixteen (50 %) of the documented
landslides, and fatalities occurred in nine of these (28 % of all case histories, or 56 % of
cases where humans were present and potentially threatened). If one considers only
those cases where the exact number of both casualties and survivors are known (i.e.
landslides 1, 3, 9, 12, 22, 28, 30, 31), there were a total of two fatalities and seventyeight survivors. This suggests that, given the occurrence of a landslide, human
vulnerability (i.e. probability of casualties given the presence of humans) is less than 100
%, and possibly considerably lower.
7.4.2 Statistical properties of the digital landslide inventory
The total surface area of NTS 31H is approximately 1.7 million hectares, yielding an
average landslide density of 7 x 10-4/ha. Note that this value can vary substantially; a 20
km section along the Yamaska River has a landslide density of 3 x 10-2/ha, or two orders
of magnitude higher than average. This landslide density compares well with the Klofta
area in Norway, approximately 40 km north of Oslo. This area, identified by Bjerrum et
al. (1969) as notable for its high density of large landslides, contained 75 to 80 large
landslides within 45 km2, equating to an approximate average density of 1.7 x 10-2/ha.
Figure 7-11 shows landslide size in NTS 31H, as expressed by the surface area of the
crater, versus frequency. The most common landslide size is between 4000 and 8000
m2. This peak value may reflect, in large part, that the limit of resolution in the air photo
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study was 80-100 m or less, depending on photo quality, as reported by Quinn et al.
(2007b, Chapter 3), and smaller landslides are underreported. The frequency (F) of
larger landslides decreases with crater area (A) according to F = 2 x 106 A-0.93. This
power law is similar to those reported for other landslide inventories (see, for example,
Hungr et al. 1999 and Guthrie and Evans, 2004).
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Figure 7-11. Distribution of landslides by crater surface area (all landslide features in
NTS 31H).
Figure 7-12 shows a cumulative distribution function for landslide magnitude, MLS, where
MLS = log10(A). This function can be used to estimate the probability that a landslide will
exceed a specific size, given its occurrence. Note that the flow slides (n = 180) tend to
be much larger than the flake slides and lateral spreads, on average, with median sizes
of 16,000 and 8,000 m2, respectively. Figure 7-13 shows a similar cumulative
distribution function for crater length, Lcr. This function can be used to estimate the
probability that a landslide will retrogress a certain length, given its occurrence.
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Figure 7-13. Cumulative distribution function for length of landslide crater (30 landslide
features in NTS 31H).
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The crater length, Lcr, and maximum crater width, W max, are not easily extracted
automatically in GIS, so the length and width ratios (i.e. RL and RW ) are difficult to obtain
for the whole digital inventory. Perimeter length, Lp, and width of the crater opening,
W out, were obtained automatically and the perimeter length ratio, Rp, was calculated for
all landslide features (equation [7-1c]). Figure 7-14 presents a cumulative distribution
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function for Rp.
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Figure 7-14. Cumulative distribution function for crater perimeter length ratio, Rp (all
landslide features in NTS 31H).
Thirty landslide features in NTS 31H were selected randomly to obtain Lcr and W out
manually and calculate RL and RW . Figure 7-15 shows the manually calculated RL, RW ,
and (RL + RW ) plotted versus RP, as obtained automatically, for the thirty random
landslides. The sum of the length and width ratios correlates very well with the
perimeter ratio, varying as (RL + RW ) = 0.59RP + 0.55. The approximate limits of
perimeter ratio used to define the different shape classifications in Table 7-1 can
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therefore be converted to obtain upper limits of (RL + RW ) of approximately 1.7, 3, and 5
for crater types 1, 2 and 3. Referring to Table 7-3, the documented flake slides and
lateral spreads are mostly type 1 crater shapes (14 of 16), with a small number of type 2
(2 of 16). By contrast, the flow slides are mostly type 3 or 4 (11 of 14), with a small
number (3 of 14) being type 2. It therefore appears possible to distinguish the probable
mode of failure on the basis of crater shape. Type 1 craters develop for flake slides or
lateral spreads, and types 3 and 4 develop only for flow slides. Type 2 craters may
develop for any failure mode.
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Figure 7-15. Comparison of length, width and perimeter ratios (30 landslide features in
NTS 31H).
Figure 7-15 can be interpreted to determine that Types 1, 2, 3 and 4 craters represent
90, 8.6, 1.1 and 0.3 % of the total inventory of large landslides in NTS 31H. Therefore,
at least 90 % of all large landslides in the study area occur as lateral spreads or flake
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slides, and up to 10 % occur as flow slides. As detailed earlier, the length of the crater
and debris runout will both tend to be longest for flow slides, as compared with flakes
and spreads.
Table 7-6. Likelihood of the nearest adjacent large landslide being within a specified
distance.
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Figure 7-16. Cumulative distribution function for distance from one large landslide to its
nearest neighbour (all landslide features in NTS 31H).
The previous section demonstrated that large landslides reported in the literature tend to
occur relatively close to other large landslides. Figure 7-16 shows a cumulative
distribution function for proximity to the nearest neighbouring landslide for all landslides
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(n = 1259) in NTS 31H. Selected probability values from this distribution function are
presented in Table 7-6, which shows, for example, that 91 % of all large landslides are
within 500 m of another large landslide. One can further estimate from this Table that
about 95 % of all landslides are within 1200 m of another large landslide. This compares
with 85 % predicted on the basis of the literature review, as detailed earlier in the
Chapter. This difference is likely due to the different sample sizes (i.e. 1259 versus 17),
as well as the fact that the literature review data include large landslides from different
physiographic settings in Norway and Sweden, whereas the digital inventory data are
solely in Champlain clay deposits in eastern Canada.
From these data, one can infer something about the future likelihood of landslide
occurrence, given the presence or absence of existing large landslides within a specified
distance. For example, if there are no other large landslides within 2000 m, as
determined from air photo study, then the probability that a large landslide will occur is
3.3 %. This probability is associated with a specific time period, being the time over
which the landslides mapped by Quinn et al. (2007b, Chapter 3) occurred. This time
period is unknown, but is limited by approximately 10,000 years (i.e. time since the clay
plains began to emerge from the vanishing Champlain Sea, per Richard and Occhietti
2005), and is perhaps more likely something on the order of 500 to 2000 years, since
many older features may have been obscured by erosion or other geomorphological
processes. If 500 years is selected, reflecting an unlikely lower bound (since many large
landslides in the study area are known to have occurred much earlier than that), one can
obtain an annual probability of occurrence of less than 6.6 x 10-5, given the absence of
large landslides within 2000 m.
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7.4.3 Annual return period for large landslides
The temporal frequency of landslide occurrence may vary substantially across the study
area, as is the case with spatial distribution, which ranges from 0 to 3 x 10-2/ha, with a
mean value of 7 x 10-4/ha. It is impossible to determine a precise landslide return period
for specific parts of the study area without detailed records of landslide dates in that
area; however, data from the literature are available to support a first estimate and
develop upper and lower bounds for landslide frequency.
Lebuis et al. (1983) presented carbon dating data for 50 large landslides. Their
distribution in time is summarized in Table 7-7. It can be seen that most (i.e. 31 of 50)
dates are within the last 1500 years. This is similar to observations by Solberg et al.
(2007) for a small fjord-valley in mid-Norway, where about 60 % of large landslides are
known to have occurred within the last 1000 years, and approximately 30 % are believed
to have occurred between 1000 and 5000 years before present (YBP).
Table 7-7. Distribution of known landslide ages (from Lebuis et al. 1983).
14

C age of landslides

> 4500 years before
present (YBP)
> 4000 YBP
> 3500 YBP
> 3000 YBP
> 2500 YBP
> 2000 YBP
> 1500 YBP
> 1000 YBP
> 500 YBP
< 500 YBP

Number of
Landslides
1
3
2
0
8
4
1
11
12
8

Bjerrum et al. (1969) presented radiocarbon dates for five of approximately eighty large
landslides in the Klofta area of Norway: 1475, 1736, 1765, 1898 and 1953. Evans and
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Brooks (1994) presented radiocarbon dates for four of approximately fifteen large
landslides along the South Nation River in Ontario: 1895, 1910, 1971 and 1993. Locat
et al. (1984) show landslide distribution along the Rivière Chacoura in Quebec,
distinguishing between landslides known to have occurred after 1948 from those known
to have occurred earlier. Approximately 10 % of the landslide features, by surface area,
occurred after 1948. Filion et al. (1991) present 37 radiocarbon dates for landslide
features along the Rivière du Gouffre in Quebec. Of these, 33 are clustered between
590 and 110 YBP, and the remaining dates are 5670, 3170, 2500 and 1870 YBP.
These data confirm that the trend suggested by Lebuis et al. (1983) holds true as a
general rule in Canadian and Norwegian sensitive clay deposits: most (approximately
two thirds) large landslides have occurred within the last 1000 to 1500 years. An
estimate of temporal distribution may therefore be made on this basis, and the
assumption that all landslides mapped by Quinn et al. (2007b) have occurred in the last
500 years represents a conservative lower bound. An assumption that nearly all of
those landslides have occurred within the past 2000 years is judged to represent a
reasonable upper bound, and potentially a most probable value.
It should be noted that clusters of large landslides, believed to have been triggered by
large earthquakes, are known to have occurred earlier than 2000 YBP outside NTS 31H.
Aylsworth and Lawrence (2003) present radiocarbon dates for fourteen large ancient
landslides east of Ottawa near Bourget, Ontario. Twelve of these occurred around 4550
YBP, and the other two were dated at about 2000 and 3000 YBP. The prior
assumptions regarding temporal frequency are therefore conservative, since the period
of occurrence of known large landslides is at least 4500 years.
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The preceding data suggest an average frequency in NTS 31H of 0.6 to 5.3 large
landslides per annum (i.e. 1259 to 2648 large landslides in either 2000 or 500 years).
Given that NTS 31H represents approximately one fifth to one quarter of the total area of
the former Champlain Sea, one can expect about 2 to 25 large landslides per annum in
the Champlain Sea deposits in eastern Canada, on average. This corresponds to a total
average frequency of 2.5 x 10-7 to 3 x 10-6 landslides per hectare per annum, assuming
approximately 75-80,000 km2 study area.
Note that in the present context, “large landslide” has been defined as a landslide with a
minimum dimension of about 100 m. More precisely, this term applies to a landslide that
is large enough to have been detected in the air photo inventory work (Chapter 3).
According to Leroueil (personal communication, 2009), recent experience in Québec
suggests that one landslide of 1 ha or larger occurs about every year or two. The
median size of landslides in the digital inventory is about 1 ha, therefore for every two
landslides in the inventory, one exceeds 1 ha in surface area. Therefore, this work
suggests that about 1 to 12 landslides exceeding 1 ha would be expected throughout the
study area each year. Given the recent experience in Québec, the lower end of this
range may be more reasonable. This suggests that 2000 years is probably the more
likely time period capturing most of the observed landslides, and that the lower number
of possible features (i.e. 1259 instead of 2648) is more reasonable. The estimated
landslide frequency can therefore be revised to approximately 2 per year, one of which
would be expected to exceed 1 ha.
Landslide frequency will be expected to vary across the study area, being more frequent
where the spatial density is higher. Given that landslide density is about 45 times higher
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than average along a 20 km long (approx. 25 km2) section of the Yamaska River, one
would expect a frequency of about 3.0 x 10-2 large landslides per annum in high density
areas, or a return period of about 30 years. This compares very well with the similar 20
km reach of the South Nation River, where four large landslides occurred after 1895,
yielding a return period of about 28 years. A value of 1.1 x 10-5 landslides per hectare
per annum may therefore represent a reasonable first estimate of landslide frequency in
areas where large landslides are known to be widely distributed, and the average value
of 2.5 x 10-7 per hectare per annum would be a reasonable first estimate in areas where
large landslides are not known to occur, in the absence of other information. Note that
these figures represent expected frequency of events large enough to have been
detected in the air photo inventory work (Chapter 3), and half of them would be expected
to exceed 1 ha. Smaller landslides may be considerably more frequent.
7.4.4 Seasonal distribution of large landslides
Lebuis et al. (1983) present data for 103 historic large landslides showing month of
occurrence. Of these events, 60 % occur in April and May. A secondary, minor peak
occurs in October and November, with 17 % of the events occurring. These two peaks
are shown by those authors to be associated with elevated stream flows at those times
of the year, and are therefore believed to be associated with erosion. No landslides
were recorded by Lebuis et al. (1983) in January, February or March, and a small
number of events were recorded in each of the remaining months. The same general
trends are observed in the landslide cases considered in this Chapter from the literature,
as can be seen in Table 7-2. Nearly 50 % (14 of 30) of the cases with known dates
occurred in April or May, and 17 % occurred in October or November. Landslide391

susceptible areas are therefore at much greater risk, on average, during the spring
runoff and fall wet season.

7.5 DISCUSSION AND CONCLUSIONS
The preceding sections compile data from a wide variety of sources, including 32 large
landslides that have been documented in the literature, as well as a digital landslide
inventory for a section of the study area. These data were selected for the purpose of
understanding landslide hazard and risk associated with large landslides in sensitive
clay, which are shown to occur as three different types: flake slides, lateral spreads, and
flow slides. Previous work by Quinn et al. (2008, Chapter 6) provided a landslide
susceptibility map, and the findings of the present Chapter can extend that analysis to an
understanding of the hazard, which considers temporal distribution. This work can then
be used to support a subsequent assessment of risk, which considers the likelihood of
impacts to receptors such as humans or built infrastructure.
Quinn et al. (2008, Chapter 6) presented a susceptibility map and analysis procedure
that outlines the spatial probability of encountering a large landslide within certain
distances. The present work can be used to extend the susceptibility work by estimating
the likely size of a large landslide, given its occurrence, as well as other aspects of its
likely morphology that are relevant to its impacts, such as travel angle and distance, and
length of retrogression. This work also provides an initial estimate of temporal
frequency.
Average density of large landslides in the study area is 7 x 10-4/ha, and this ranges up to
about 3 x 10-2/ha in selected areas. Available data suggest that between two and 25
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large landslides, with minimum dimension about 100 m or greater, can be expected in
sensitive clay in eastern Canada in a given year. From Figure 7-11, one very large
landslide exceeding 2 x 106 m2 occurs for every 10 to 50 large landslides exceeding
10,000 m2. This suggests that 0.04 to 2.5 very large landslides can be expected in the
entire study each year, or an annual return period of 0.4 to 25 years, with perhaps a
most probable value of 5 to 10 years. Lebuis et al. (1983) note that one very large
landslide (specific dimensions not described) occurs in Champlain clay every 10 years,
on average.
These new landslides are expected to occur most often close to other large landslides,
with 91 % occurring within 500 m of an older feature. Given the occurrence of a new
large landslide, one can make the following general predictions: there is at least a 90 %
probability it will occur as either a flake slide (less common in Canada) or lateral spread,
and up to 10 % probability it will occur as a flow slide; and, the most likely size is about
8,000 or 16,000 m2 for flakes/spreads or flow slides, respectively. The most probable
crater length is approximately equal to the square root of crater area for flakes and
spreads, or 1.5 times that value for flow slides, leading to a greater threat to nearby
infrastructure in the latter case. Flow slides tend to have lower travel angles (2.4 versus
4.7 degrees) than flakes and spreads, and the debris tends to travel, on average, twice
as far. Large landslides are most common in the spring (i.e. April and May), with a
secondary minor peak in activity in the fall (i.e. October in November), so people and
facilities are at a greater risk during those periods.
Large landslides in sensitive clay can affect different receptors in different ways, through
four primary mechanisms: loss of ground; direct impact of sliding debris; direct impact of
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flowing debris; and, flooding. Flooding effects may occur upstream due to damming by
the landslide debris, or downstream due to sudden overtopping of a debris dam.
Evidence from case studies in the literature suggests that all infrastructure within the
landslide depletion zone will be damaged or destroyed. Therefore, vulnerability of built
infrastructure within landslide craters can be assumed to be 100 %. By contrast, the
case studies suggest a high survival rate for humans situated on or immediately
adjacent to the landslide at the time of its occurrence. Vulnerability to human life may be
taken as 2.5 % (i.e. 1 in 40), as a first estimate, based on experience in the case studies;
however, this is based on a small number of landslides (n = 8). It would be prudent to
assume a higher vulnerability for human health risk assessment purposes, but it is less
than 100 %.
Most of the infrastructure damaged in the reported case studies occurred due to loss of
ground, and relatively few cases involved damage due to impact with sliding or flowing
debris. However, the damage that was reported in these cases tended to be significant
(e.g. destruction of a highway bridge, power line and power transformer). The existence
of infrastructure in the path of moving debris does not guarantee damage, as the
Lemieux slide debris flowed past a highway bridge, impacting it with a tree, with no
damage. The vulnerability of linear infrastructure crossing a river in the path of moving
debris is therefore less than 100 %, but also greater than zero.
Flooding is frequently observed after large landslides in sensitive clay, but damage due
to flooding is relatively uncommon, and the effects not generally significant (e.g.
degraded water quality for several days or water damage to out-buildings on farm land).
This aspect of large landslides should not be ignored in detailed planning, but its
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potential to cause damage is significantly lower than that of loss of ground or direct
impact of debris. The potential impacts due to loss of ground and debris impact should
be given first consideration, and may be expected to control the risk analysis in most
cases.
These findings can be used for the consideration of risk to specific facilities, including
linear infrastructure such as roads, railways, pipelines or power transmission lines. This
would involve spatial comparison of the potentially affected infrastructure and the
landslide susceptibility map of Quinn et al. (2009, Chapter 6), followed by detailed
analysis of probability of occurrence of different hazard scenarios and their potential
impacts.
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Chapter 8
Conclusion
8.1 INTRODUCTION
The work conducted in this thesis has been designed to develop an understanding of the
hazard associated with large landslides in sensitive Champlain clay in eastern Canada,
looking at the problem from a variety of different scales, and applying a number of
different techniques. Landslide distribution has been examined on a regional scale for
the entire Saint Lawrence Lowlands, and the mechanics of large landslides have been
examined at the scale of the individual landslide. The study has involved terrain analysis
by air photo interpretation, landslide susceptibility mapping through statistical methods
within a geographic information system, numerical modelling of landslide behaviour
using finite element analysis, analytical modelling of landslide behaviour using the
science of fracture mechanics, and soil dynamics modelling. These techniques have
allowed the development of a detailed understanding of the distribution and nature of
this specific natural phenomenon. Further examination of the literature and of statistical
properties of a digital landslide database allowed the development of specific
relationships that can be used to more fully understand the distribution of the hazard,
which includes consideration of the future temporal and spatial distribution of potentially
damaging effects of these landslides. Given knowledge of the spatial and temporal
distribution of potentially affected receptors, such as humans or built infrastructure, in
comparison with the distribution of the hazard, it is possible to assess the risk to such
receptors. A risk assessment is the first step in managing and reducing risk.
This concluding chapter includes three major sections:
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•

an overview of the research, showing how the individual chapters build the
foundation for understanding hazard and risk associated with large landslides in
Champlain clay;

•

an illustration of the utility of the research findings through a practical working
example; and

•

suggestions for additional study to support the present work.

The objective of this concluding chapter is to demonstrate the value of the research
findings.

8.2 OVERVIEW OF THE RESEARCH
8.2.1 General
Figure 8-1 presents a conceptual framework for the doctoral research. The research
has been organized into four different themes. The first two themes are addressed in
Chapters 2 and 3. Theme 3 is addressed in Chapters 4 and 5. These four Chapters
provide an understanding of the nature of the hazard. Chapters 6 and 7, addressing
Theme 4, provide a means of communicating the hazard. The landslide susceptibility
map in Chapter 6 provides a basis for estimating the spatial distribution of large
landslides, and the data obtained in Chapter 7 provide a means of estimating temporal
distribution and potential consequences. This forms the basis for a subsequent
assessment of landslide risk, the first step in managing risk.
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Figure 8-1. General framework for the research.
8.2.2 Findings
8.2.2.1 Theme 1 – Geospatial Patterns
Chapter 2 presented a detailed examination of physiography, drainage and geology in
relation to landslide occurrence throughout the study area, which has included an air
photo study for a number of selected locations across the study area. This work has
shown that a number of patterns link specific terrain features with landslide occurrence
or absence. These patterns lead to the following primary conclusions:
•

All large landslides in sensitive Champlain clay tend to occur along the banks of
existing or abandoned watercourses, and are not typically observed on other
types of natural slopes, including the scarps of old landslides;
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•

Large retrogressive landslides only tend to occur along deeply incised drainage
features with high banks, and are more common along steeper (i.e. higher
gradient) rivers and streams. Smaller non-retrogressive slides can occur along
any drainage feature;

•

The presence of large landslides is related to the size of the drainage feature,
with landslides largely absent in very small or very large drainage features, and
more prevalent in intermediate sized features;

•

The maximum size of large landslides appears to be positively correlated with the
size of the drainage feature;

•

Landslides tend to be absent in low-lying, poorly drained areas that can often be
readily distinguished by the presence of swampy areas or man-made irrigation
channels;

•

Landslides are absent on the floodplain below the lowest terraces along the Saint
Lawrence and Ottawa Rivers; and

•

Landslides occur almost exclusively in marine sediments or in alluvial soils that
overlie marine sediments.

The observed patterns also lead to the following secondary conclusions:
•

Where landslides are present south of the Saint Lawrence River, they tend to be
more common along bedrock controlled drainage features that are aligned with
faults or tilted bedding;
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•

Landslides tend to occur above sedimentary rock or near the contact between
sedimentary and metamorphic rock;

•

Landslides appear to be more common where overburden soils are thicker;

•

Landslides tend to be more common north of the Ottawa and Saint Lawrence
Rivers than south;

•

Bedrock depth and structure are likely linked with landslide occurrence;

•

Retrogressive landslides are more common along drainage channels that are
perpendicular to the Saint Lawrence River than along those that are sub-parallel;

•

Large clusters of retrogressive landslides are associated with the presence of
emerging bedrock hills and the Saint Narcisse Moraine in the north, and the
Drummondville Moraine in the south;

•

Landslide occurrence elsewhere is often associated with the presence of a sand
cap overlying the finer marine sediments;

•

New retrogressive flow slides tend to occur close to old slides, so that large
landslides appear in clusters;

•

Large retrogressive landslides tend to occur about every thirty years, on average,
in the landslide-prone areas of Saint-Vallier and the South Nation River, as
examples where landslides are common; and

•

Landslide occurrence may be associated with elevation above sea level.

These relationships may be used within a GIS framework to develop a more detailed
understanding of landslide susceptibility and hazard, which aids in an assessment of
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landside risk, particularly as it affects linear infrastructure such as railroads, highways,
pipelines and power transmission lines.
8.2.2.2 Theme 2 – Landslide Inventory
The development and statistical analysis of the landslide inventory supports the following
general conclusions:
•

The existing spatial and temporal landslide distribution data in the literature is
useful to inform the present study, but insufficient to support the development of
susceptibility and hazard maps;

•

Available digital elevation models can support the development of a coarse first
inventory of large landslides in the study area; however, the inventory is limited to
obvious large features, missing most large landslides and probably misidentifying
many features; and

•

Detailed terrain analysis through air photo interpretation has allowed the
development of a digital inventory of large landslides in part of the study area (i.e.
NTS 31H), and this inventory has the following basic properties:
o

2648 potential large landslides have been identified. Of these features,
1259 are believed to most probably represent large landslides, and the
remaining features are more likely associated with other
geomorphological processes,

o

The most common size of probable large landslide features is 4,0006,000 m2,
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o

The largest probable landslide would be expected to be on the order of 2
x 106 m2 in NTS 31H,

o

The aspect (i.e. direction of the outlet of the landslide crater) of large
landslides reflects regional drainage patterns, which reflects regional
bedrock structure,

o

Large landslides in the study area tend to be most common in areas with
marine soils, and are absent in bog deposits and relatively uncommon in
till deposits,

o

Large landslides are most common where the thickness of overburden
soils is between 10 and 40 m,

o

Large landslides are most common at ground elevations between 20 and
40 m above sea level, and

o

Large landslides are most common along drainage courses of
intermediate size, with stream order between 5 and 8.

8.2.2.3 Theme 3 – Mechanics of Large Landslides in Sensitive Clay
Chapter 4 presented a mechanical model for the development of retrogressive
landslides in sensitive clay. A fundamental assumption is that the entire failure surface
develops prior to first incidence of significant, noticeable movement. In other words, the
landslides are not retrogressive, in the strictest sense, since the complete failure surface
forms before subsequent disruption of the moving slide mass, which develops first at the
free face and then moves rearward toward the ultimate headscarp, taking the
appearance of retrogression by successive individual failures.
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The analysis in this Chapter has presented mathematical support for the hypothetical
mechanical model for the development of large landslides in sensitive clay, working from
the assumption that they generally develop as progressive failures. It should be noted
that the timeframe involved in the progressive failure will vary depending on a number of
factors, including, in particular, the rheology of the geo-materials involved in the failure.
Progressive landslides in overconsolidated London clay, for example, can take decades
to develop since the material is only brittle in fully drained conditions, which can take
considerable time to develop. By contrast, progressive failure in sensitive clay will
happen quite suddenly once conditions have been met (i.e. the critical length of the
shear band has been reached), since the material is extremely brittle under undrained
conditions, which requires rapid loading.
The development of the complete failure surface prior to first significant movement has
been explained using concepts from fracture mechanics. The most important idea is
that fracture can propagate under no additional external load in brittle materials given the
right conditions. The energy released during strain weakening provides the driving
impetus for continuation of fracture. If shear stress ahead of the fracture (or shear band)
is high enough (i.e. higher than the residual strength, but lower than the peak strength),
the failure surface can propagate under no other external influence, leading to sudden,
unexpected failure.
Further analysis has shown that the length of failure (e.g. ultimate size of the
“retrogressive” landslide) depends on a number of factors, including slope height,
residual strength and remoulding energy of the clay (i.e. collectively, the clay’s
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brittleness), and the slope of the ground above the crest of the slope (and slope of
underlying bedding, which controls the direction of shear band propagation).
A number of consequences result from the proposed model. The most interesting are
that the model predicts:
•

Large landslides are more likely for more brittle clays, and less likely for tougher
clays, all other properties (i.e. peak strength, sensitivity) being similar;

•

Longer landslides will occur adjacent to higher riverbanks;

•

Longer landslides will occur where there is more gently sloping ground above the
riverbank crest, and shorter failure surfaces will be observed for more steeply
sloping ground;

•

Landslides will terminate before reaching a reverse break in slope, such as a
ravine or an adjacent, older landslide crater; and

•

Landslides can be initiated suddenly by a single large perturbation like an
earthquake, or occur over geological timescales after a large number of annual
load cycles, being triggered finally by a seemingly innocuous small perturbation.

All of these phenomena are observed frequently in nature, and are not easily explained
by the more commonly accepted models for development of retrogressive landslides.
Thus it appears that this model is plausible and deserves further study.
A model for progressive failure of sensitive clay slopes has been presented in Chapter 5,
based on principles of linear elastic fracture mechanics. A detailed analysis of the
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model, using typical slope conditions for river banks carved in the sensitive Champlain
clay of eastern Canada, suggests a number of key findings:
•

The incidence of large landslides should be more frequent along rivers with
greater rates of erosion;

•

Large landslides should be more common for more brittle clays;

•

Large landslides can occur:
o

Suddenly, with no obvious trigger, after an accumulation of small annual
load cycles due primarily to erosion;

o

Soon after a small local landslide at the river bank; or

o

Following an earthquake or other large transient load (i.e. due to other
natural or anthropogenic causes, such as pile driving or blasting).

These phenomena are all commonly observed in relation to large landslides in sensitive
clay, suggesting the model is worthy of further study. The nature of the soil stratigraphy,
considering both thickness and the presence of a stiffer intermediate unit between
bedrock and soft clay, has a strong influence on the potential for large earthquaketriggered landslides. Further, the pattern of growth of the failure surface over time,
preceding ultimate failure, bears a strong resemblance to other natural phenomena,
including creep failure of natural slopes, and the sudden acceleration to catastrophic
collapse observed in slow moving large landslides. This suggests the model may have
broader applications beyond sensitive clay slopes.
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8.2.2.4 Theme 4 – Hazard Mapping
Chapter 6 presented a regional scale landslide susceptibility model for the western half
of the former Champlain Sea in eastern Ontario and southern Quebec, Canada. The
model was developed using the weights of evidence method, relating large,
retrogressive landslide features to digital elevation data, flow accumulation along the
stream network, surficial soil type, thickness of overburden soils, and land use.
Additional spatial data, including slope angle, slope aspect, and bedrock type were
considered for the analysis but not included since the data were not useful or
consistently available at the regional scale of analysis.
The work resulted in a landslide susceptibility map for the study area, with three broad
ranges of susceptibility: low, low to moderate, and moderate to high. These descriptive
categories were selected on the basis that most landslide areas would fall outside the
low category. The qualitative descriptors were extended to a probabilistic meaning,
where each category is associated with a specific probability of existence of large
retrogressive landslides within 500 m, 1 km or 2 km.
The model was prepared on the basis of comparison of landslides and geospatial data
within a limited section of the study area, NTS 31H. It is seen that landslides are nearly
twice as frequent outside NTS 31H. Such differences are understandable, given the
variation in geological and physiographic conditions across the study area. The
descriptive susceptibility categories maintain the same general meaning outside NTS
31H, and so the model appears to be equally applicable, provided this difference in
spatial probability is considered, and the higher values are used outside NTS 31H.
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This susceptibility model is intended for use as a screening tool at the regional scale,
useful for focussing efforts for more detailed study, and its use is limited to large
retrogressive landslides. Other geological hazards, including small landslides pervasive
throughout the study area, are not considered by the model. The model has been
shown to be a useful screening tool along railway corridors in the study area. The model
allows for the rapid selection of locations that deserve further study, and these can be
rapidly screened into a much smaller number of potentially susceptible locations through
reconnaissance level air photo analysis. Field reconnaissance of this selected set of
sites would further narrow the focus for additional work, which might include detailed
surveys and/or subsurface investigation.
The susceptibility model could be improved by expanding its scope to include the rest of
the Champlain Sea area, and by using additional data to make it suitable for use at the
local scale. Its probabilistic basis makes it useful as the initial tool for examining
landslide hazard and risk. The model should be expanded to consider temporal
distribution of landslides, which would support development of a hazard map. Such a
hazard model would then support risk analysis and management, which would consider
potentially affected receptors, including linear infrastructure.
Chapter 7 showed that average density of large landslides in the study area is
7 x 10-4/ha, and this ranges up to about 3 x 10-2/ha in selected areas. Available data
suggest that approximately two large landslides can be expected in sensitive clay in
eastern Canada in a given year, where large landslides are those that are large enough
to have been detected in the air photo landslide inventory (Chapter 3), and one out of
every two would be larger than 1 ha. These new landslides are expected to occur most
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often close to other large landslides, with 91 % occurring within 500 m of an older
feature. Given the occurrence of a new large landslide, one can make the following
general predictions: there is at least a 90 % probability it will occur as either a flake slide
(less common in Canada) or lateral spread, and up to 10 % probability it will occur as a
flow slide; and, the most likely size is about 8,000 or 16,000 m2 for flakes/spreads or flow
slides, respectively. The most probable crater length is approximately equal to the
square root of crater area for flakes and spreads, or 1.5 times that value for flow slides,
leading to a greater threat to nearby infrastructure in the latter case. Flow slides tend to
have lower travel angles (2.4 versus 4.7 degrees) than flakes and spreads, and the
debris tends to travel, on average, twice as far. Large landslides are most common in
the spring (i.e. April and May), with a secondary minor peak in activity in the fall (i.e.
October in November), so people and facilities are at a greater risk during those periods.
Large landslides in sensitive clay can affect different receptors in different ways, through
four primary mechanisms: loss of ground; direct impact of sliding debris; direct impact of
flowing debris; and, flooding. Flooding effects may occur upstream due to damming by
the landslide debris, or downstream due to sudden overtopping of a debris dam.
Evidence from case studies in the literature suggests that all infrastructure within the
landslide depletion zone will be damaged or destroyed. Therefore, vulnerability of built
infrastructure within landslide craters can be assumed to be 100 %. By contrast, the
case studies suggest a high survival rate for humans situated on or immediately
adjacent to the landslide at the time of its occurrence. Vulnerability to human life is
possibly as low as 2.5 % (i.e. 1 in 40), as a first estimate, based on experience in the
case studies; however, this is based on a small number of landslides (n = 8). It would be
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prudent to assume a higher vulnerability for human health risk assessment purposes,
but it is less than 100 %.
Most of the infrastructure damaged in the reported case studies occurred due to loss of
ground, and relatively few cases involved damage due to impact with sliding or flowing
debris. However, the damage that was reported in these cases tended to be significant
(e.g. destruction of a highway bridge, power line and power transformer). The existence
of infrastructure in the path of moving debris does not guarantee damage, as the
Lemieux slide debris flowed past a highway bridge, impacting it with a tree, with no
damage. The vulnerability of linear infrastructure crossing a river in the path of moving
debris is therefore less than 100 %, but also greater than zero.
Flooding is frequently observed after large landslides in sensitive clay, but damage due
to flooding is relatively uncommon, and the effects not generally significant (e.g.
degraded water quality for several days or water damage to out-buildings on farm land).
This aspect of large landslides should not be ignored in detailed planning, but its
potential to cause damage is significantly lower than that of loss of ground or direct
impact of debris. The potential impacts due to loss of ground and debris impact should
be given first consideration, and may be expected to control the risk analysis in most
cases.
These findings can be used for the consideration of risk to specific facilities, including
linear infrastructure such as roads, railways, pipelines or power transmission lines. This
would involve spatial comparison of the potentially affected infrastructure and the
landslide susceptibility map of Quinn et al. (2009, Chapter 6), followed by detailed
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analysis of probability of occurrence of different hazard scenarios and their potential
impacts.

8.3 APPLICATION OF THE RESEARCH
8.3.1 Preliminary Risk Assessment
Consider a section of railway track crossing a river in southern Quebec, north of the
Saint Lawrence River, as illustrated in Figure 8-2. This section of track passes through
areas that have been mapped by Quinn et al. (2009, Chapter 6) as very low, low to
moderate, and moderate to high susceptibility. In this example, the railway line crosses
two areas mapped as having a moderate to high susceptibility.

Figure 8-2. Sample case: railway crossing of the Rivière Ouareau showing calculated
landslide susceptibility.
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Moderate to high susceptibility implies a 44 to 59 % probability of being within 2 km of an
existing large landslide. Such an existing landslide could be located any distance
shorter than 2 km, if it is observed. Similarly, there is a 26 to 41 % and 10 to 27 %
probability of being with 1 km and 500 m, respectively, of an existing large landslide.
Using the upper end of each range, one can then calculate the probability of observing
an existing large landslide within 500 m, between 500 m and 1 km, and between 1 km
and 2 km, as 27, 14 and 18 %, respectively.
In Chapter 7, it was assumed that these past landslides would have occurred over some
period ranging between 500 and 2000 years, so if the current rate of landslide incidence
is similar to that of recent centuries, the probability that a new landslide will occur within
500 m, between 500 m and 1 km, and between 1 km and 2 km, is 27, 14 and 18 % for
the next 500 to 2000 years. If 2000 years is taken as the most likely period of past
landslide occurrence (i.e. representing the period over which most of the landslides
mapped in Chapter 3 occurred, and as suggested in Chapter 6 as being the most
appropriate period), then the annual probability of landslide occurrence within 500 m,
between 500 m and 1 km, and between 1 km and 2 km, is 1.4, 0.7 and
0.9 x 10-4. The annual probability that no landslide will occur within 2 km can therefore
be calculated as 0.9997. This gives four possible cases, each with a distinct annual
probability of occurrence. These four cases can be used to form the start of an event
tree for risk analysis.
Figure 8-3 presents a possible event tree, with some branches developed. Data from
Chapter 7 indicated that the probability of a flow slide, given the occurrence of a
landslide, is up to 10 %, and that for a flake slide or lateral spread is 90 % or more. Data
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from Chapter 7 can also be interpreted to obtain the probabilities that a landslide will be
a given magnitude, MLS = log10(Area), given the occurrence of a landslide. From these
data, one can calculate, for example, the annual probability that a lateral spread or
flakeslide with MLS greater than 3.5 and less than 4.0 will occur within 500 m as
5.2 x 10-5 (i.e. 1.4 x 10 -4 x 0.9 x 0.41). The same logic can be used to calculate the
annual probability of occurrence for each magnitude of landslide occurring as each type
within the three designated zones (i.e. less than 500 m, between 500 m and 1 km, and
between 1 and 2 km).

Figure 8-3. Event tree for risk analysis.
A number of different potential consequences may affect a section of railway line or a
railway structure crossing a river, as illustrated in Figure 8-4. These include loss of
ground within the landslide depletion zone (i.e. crater), and direct impact by sliding or
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flowing debris. The chance that these will affect a given section of railway or structure
can be determined by comparing the probable distance of landslide occurrence with key
dimensions of the landslide, including length of crater (i.e. retrogression length, LR) and
debris travel distance, LT.

Figure 8-4. Potential consequences to linear infrastructure due to a large landslide in
sensitive clay.
The potential consequences of each type and size landslide within each zone may be
calculated by checking whether such an event will either flow far enough to impact
infrastructure crossing the river, or retrogress far enough from the river bank to
undermine the linear infrastructure. Table 8-1 shows the probable lengths of
retrogression and debris travel distances for different landslide magnitudes, as
interpreted from the trends in Chapter 7. These lengths can be used to determine
whether a given event in the event tree will affect the railway line. Considering the
previous example of a spread or flake slide with MLS > 3.5 occurring within 500 m (PA =
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5.2 x 10-5), the probable travel distance and retrogression length are both 80 m. For
simplicity, assume the most likely distance to a new landslide will be 250 m (i.e. 500/2).
This event is therefore not likely to affect the railway.
Table 8-1. Probable travel distances and retrogression lengths.
M LS

Assumed

Range

M LS

Assumed

Square

Probable Travel

Probable Retrogression

Landslide

Root of

Distance (m)

Length (m)

Crater

Area (m)

Area (m 2)

Flow

Spreads or

Flow

Spreads or

Slides

Flakes

Slides

Flakes

>6

6

1.0 x 106

1000

3000

1000

1500

1000

>5

5.5

3.2 x 105

560

1700

560

1100

560

4.8

6.3 x 10

4

250

750

250

500

250

2.0 x 10

4

150

450

150

300

150

6.3 x 10

3

80

240

80

160

80

1.0 x 10

3

30

90

30

60

30

> 4.5
>4
> 3.5
< 3.5

4.3
3.8
3

It is possible to estimate a probability that the landslide is within 80 m, but for simplicity,
one can assume the typical landslide occurring within 500 m is at 250 m and
discriminate on that basis. In this case, then, the probability of railway damage is zero.
If the landslide were larger than MLS = 4.5, then railway interruption would probably
occur, either due to failure of the track or destruction of the river crossing. In that case,
the annual probability of railway damage due to a M4.5 spread or flake occurring within
500 m would be 1.4 x 10-5.
The total risk to this section of railway can be determined by working through each
individual branch of the event tree, calculating the probability of damage due to each
event, and then summing the incremental probabilities of damage. A similar process
can be followed for the low and low to moderate susceptibility areas in the landslide
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susceptibility map. Table 8-2 presents summary calculations for this purpose for the
moderate to high susceptibility case. Note that PR(F) and PS(F) are the probabilities of
failure to railway lines and structures, respectively.
Table 8-2. Risk calculations.
Spreads or Flake

Range of

P

Possible

MLS

Landslide

Slides (P = 0.9, given

(given
LS)

Distance

Flow Slides (P = 0.1, given LS)

LS)
LT (m)

LR (m)

PS(F)

LT or LR

PR(F)

(m)

PR(F)

-7

1000

2.8 x 10

-6

560

5.5 x 10

-5

250

1.4 x 10

-5

-7

2.8 x 10

-6

5.5 x 10

LS

>6

0.002

3000

1500

2.8 x 10

within

>5

0.039

1700

1100

5.5 x 10

PS(F) or

-5

1.4 x 10

-5

-7
-6
-5

> 4.5

0.099

750

500

1.4 x 10

PA = 1.4 x 10

>4

0.349

450

300

4.9 x 10

4.9 x 10

150

--

250 m

> 3.5

0.413

240

160

--

--

80

--

(most likely)

< 3.5

0.138

90

60

--

--

30

--

-7

1000

1.4 x 10

-6

560

--

500 m
-4

LS

>6

between

>5

0.002
0.039

3000
1700

-7

1500

1.4 x 10

-6

1100

2.8 x 10

-6

1.4 x 10
2.8 x 10

-7

> 4.5

0.099

750

500

7.5 x 10

--

250

--

PA = 0.7 x 10

>4

0.349

450

300

--

--

150

--

750 m

> 3.5

0.413

240

160

--

--

80

--

(most likely)

< 3.5

0.138

90

60

--

--

30

--

500 m to 1 km
-4

-7

LS

>6

0.002

3000

1500

1.8 x 10

between

>5

0.039

1700

1100

3.5 x 10

1 to 2 km

-6

-7

1.8 x 10

1000

--

--

560

--

> 4.5

0.099

750

500

--

--

250

--

PA = 0.9 x 10

>4

0.349

450

300

--

--

150

--

1500 m

> 3.5

0.413

240

160

--

--

80

--

(most likely)

< 3.5

0.138

90

-4

60

--

--

7.2 x 10

-6

7.2 x 10

8.3 x 10

Modified Totals:

8.3 x 10

1

30

-5

Totals:

--

-5

2.0 x 10

-5

-6

1.8 x 10

-5

Note: 1. Reduced for P = 0.1 for flow slides and P = 0.9 for spreads and flakes.
The annual probability that a flow slide will retrogress to affect the railway line is
7.2 x 10-6. Similarly, the annual probability that a flow slide’s debris will flow past a
railway crossing is 8.3 x 10-6. The annual probabilities that a lateral spread or flake slide
will either retrogress to the railway line or flow past a railway structure are both
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1.8 x 10-5. Therefore, the total probability that a landslide (i.e. either flow slide or
spread/flake) will retrogress to involve the railway line is 2.5 x 10-5. Similarly, total
probability of a structure being affected by flowing debris is 2.6 x 10-5.
The data in Chapter 7 suggest that infrastructure within the landslide crater will be
destroyed, or vulnerability equals 100 %. By contrast, structures are only occasionally
affected by flowing debris, so vulnerability is some value lower than 100 % for debris
approaching river crossings. Nevertheless, the values presented in the preceding
paragraph may be taken as a first estimate of the annual probability that either the
railway line or river crossing structure will be destroyed by a large landslide in sensitive
clay. These values are the same for all areas with moderate to high landslide
susceptibility, so the same annual probability of destruction exists everywhere railway
lines or river crossings are in the elevated susceptibility areas. Therefore, if there are,
hypothetically, 100 short sections of railway passing through moderate to high
susceptibility areas, and 100 associated structures, then one can approximate the
annual probability of a major service disruption due to large landslides as 5 x 10-3 (i.e.
2.5 x 10-3 for railway lines and 2.6 x 10-3 for structures). This suggests a return period of
about 200 years for a major service disruption due to a large natural landslide in
sensitive clay, as a first estimate.
Note that this value is sensitive to the number of locations where the railway crosses
through moderate to high susceptibility areas, and increases if there are more crossings.
If there are 1000 crossings through moderate to high susceptibility areas, then the
aggregate risk of a major disruption due to a large landslide increases to about 5 x 10-2,
yielding a return period of 20 years. Major service disruptions to railway operations do
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not occur that frequently due to landslides in eastern Canada, suggesting there are
fewer than 1000 crossings through elevated susceptibility areas. The exact number of
railway crossings through elevated susceptibility areas in eastern Canada has not been
calculated; however, it is estimated that the number falls between 100 and 1000, so the
annual probability of a major rail disruption due to a large landslide in sensitive clay in
eastern Canada ranges between about 0.05 and 0.005, so that such a disruption would
be expected to have a return period ranging between about 10 to 100 years.
Note also that the calculated landslide susceptibility is based on an inventory of primarily
natural landslides, and doesn’t consider, directly, the potential for landslides caused by
human activity. The assessment of risk should be modified where the railway
approaches built up areas or other major infrastructure, such as highways, where there
is an increased potential for a large landslide to be triggered by construction activity.
8.3.2 Potential Risk Management Approach
The annual probability of a major rail disruption due to a large landslide in sensitive clay
has been calculated in the previous section to range between about 0.05 and 0.005, with
the actual value depending on the number of railway crossings through elevated
susceptibility areas. These events are therefore not anticipated to occur on an annual
basis, so they will not occur frequently enough to be expected as a matter of course by
railway operators, the way, for example, small rock slides are expected in certain
mountainous areas. The probability level, however, is not hypothetical, or extremely low,
like the case of the large subduction earthquake which is known to be possible off the
west coast of Canada, but is not considered in routine seismic design due to its long
return period.
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The risk of large landslides in sensitive clay causing a major railway service disruption
has a low probability but extremely significant consequence. This type of risk can be
difficult to manage, since events are infrequent and difficult to anticipate, yet they lead to
a substantial loss.
The first step in managing this risk is to conduct a more detailed risk assessment. The
findings of this thesis support a preliminary risk assessment, but the outcome of such an
assessment can be made more robust through additional investigation, which might
include the following steps:
•

Identify all sections of railway corridor and railway river crossings in areas
identified as moderate to high landslide susceptibility;

•

Conduct detailed air photo analysis for each identified track section or structure
to determine the proximity of the nearest old landslide, and number of old
landslides. Rank these sites on the basis of these findings, giving greater weight
to sites with closer landslides and more numerous landslides. For example,
Figure 8-5 shows large landslides identified along the Rivière Oureau near the
railway line shown in Figure 8-2. The nearest landslide is within about 500 m.
By contrast, a railway line passing through an elevated susceptibility area along
the Rivière Richelieu shown in Figure 8-6 is not near any old large landslides, as
shown in Figure 8-7. The Ouareau crossing would rank much higher than the
Richelieu crossing for these purposes, since new landslides are expected to
occur most commonly near older landslides. Use this ranking to prioritize the
subsequent more detailed study;
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Figure 8-5. Sample case: railway crossing of the Rivière Ouareau showing identified
large landslides.

Figure 8-6. Sample case 2: railway crossing of the Rivière Richelieu showing calculated
landslide susceptibility.
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Figure 8-7. Sample case: railway crossing of the Rivière Richelieu showing an absence
of large landslides.
•

Conduct preliminary site reconnaissance, on a priority basis based on the ranked
list, to look for signs suggesting the potential for large landslides. Indications of
landslide potential may be interpreted on the basis of ranking schemes presented
by Lebuis et al. (1983), Gagnon (1972), Thibault et al. (2008), for example, with
additional consideration for the proximity of other infrastructure or built up areas
where human activity may trigger large landslides. On the basis of this
preliminary field reconnaissance, rank these sites for potential more detailed
investigation; and

•

For those sites identified as the highest priority on the basis of preliminary field
reconnaissance, conduct more detailed site survey. This would be designed on
a site-specific basis, but could include airborne LiDAR survey to obtain detailed
topography, in-stream profile surveys to estimate rates of erosion, and sub426

surface investigation to look for potential propagating weak zones and brittle
sensitive clay (i.e. low fracture toughness, or high rapidity) that would be
susceptible to progressive failure.
These additional investigations would allow the development of a more complete
understanding of annual risk associated with large landslides in sensitive clay, which
would support the development of rational management plans.
Risk management approaches could vary depending on the findings of the more detailed
risk assessment and the nature of the highest individual risks. Risk mitigation measures
might involve abandonment and relocation of specific high risk infrastructure, or the
construction of redundant facilities. The development of disaster response plans would
also be a prudent component of risk management.

8.4 SUGGESTIONS FOR FURTHER STUDY
Each Theme in the research program has yielded interesting original findings; however,
these findings would benefit from further exploration in a number of areas, including the
following:
Theme 1 – Geospatial patterns:
•

no specific recommendations.

Theme 2 – Landslide inventory:
•

extension of the existing digital inventory beyond the limits of NTS 31H,
potentially to include the entire area of marine invasion of the Champlain Sea;
and
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•

more detailed terrain analysis to determine what proportion of the mapped
landslide features are large retrogressive landslides, instead of the result of other
geomorphic processes.

Theme 3 – Landslide mechanics:
•

continuation of the analytical model to consider other types of landslides
involving brittle materials and progressive failure;

•

laboratory research:
o

continue the work of Tavenas et al. (1983) to explore concepts related to
remoulding energy and the relationship with potential for large landslides,

o

extend that same work to consider Soderblum’s rapidity test (Soderblum
1974), which might serve as a useful rapid tool for discriminating between
brittle and tough sensitive clays (i.e. low and high remoulding energy),

o

develop a test method and test sensitive clay samples for fracture
toughness, and compare that to the work of Tavenas et al. (1983) and to
the work on rapidity testing, and

o

conduct careful very large displacement ring shear testing on undisturbed
samples of various sensitive clays, and again compare these results to
the work of Tavenas et al. (1983) and the rapidity and fracture toughness
testing; and

•

field investigation to:
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o

refine field vane shear testing to obtain full stress-rotation or stressdisplacement curves, and compare these results with the laboratory
testing for both brittle and tough sensitive clays, and

o

use the piezocone penetrometer to look for field evidence of propagating
weak zones adjacent to river banks in sensitive clay deposits, particularly
next to actively eroding rivers or streams where downcutting is
proceeding at higher than average rates.

Theme 4 – Hazard mapping:
•

improve the susceptibility model using an expanded and refined landslide
inventory, to consider additional geological or physiographic features not
observed within the NTS 31H inventory area (e.g. the abandoned river banks
along paleo-channels of the proto-Ottawa River in the Ottawa area);

•

improve the susceptibility model by obtaining additional, larger scale thematic
data for comparison with landslide data, including:
o

better surficial soils mapping. Consistent digital mapping is only available
at very small scale. Larger scale mapping is available for most of the
study area, but not necessarily in digital form and not created by the
same mappers,

o

bedrock mapping, to include bedrock type and structural characteristics,

o

more detailed analysis of the drainage system, to consider tortuosity of
drainage features, stream gradient, and channel depth. This would
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require a higher resolution digital elevation model than is presently
available.
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Appendix A
Glossary of Terms
Champlain clay: marine deposits of eastern Canada deposited within post-glacial seas
(i.e. the Champlain Sea, Laflamme Sea and Goldthwaite Sea) during and following the
retreat of the last continental glaciations approximately 10,000 years ago.
End region: the length, ω , at the end of a propagating shear band along which the
shearing resistance decreases from peak to residual shear strength.
Flake slide: a type of landslide in sensitive clay where the body translates nearly
horizontally, remaining more or less intact. This type of landslide in sensitive clay is
relatively common in Scandinavia, and less common in eastern Canada.
Flow slide: this term is used in the thesis to denote large landslides in sensitive clay
whose primary mode of movement is flow of remoulded clay.
Fracture: in this thesis, fracture is the development of a discontinuity in an otherwise
continuous solid under the influence of external stress. There are three different modes
of fracture (I, II and III), each describing a different type of movement in relation to the
orientation of the fracture.
Fracture mechanics: this is a field of mechanics concerned with the formation of cracks,
or fractures, in solid materials.
Fracture toughness: this is a measure of a material’s ability to resist propagation of a
crack, or fracture.
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GIS: short for geographical information system, which is any information system capable
of storing, sharing, editing, analyzing and integrating spatial information.
Ground amplification: the phenomenon whereby ground vibrations, such as those due to
an earthquake, are altered while passing through geological materials, resulting in a
different magnitude and frequency content, such that some measure of the strength of
the vibration (e.g. peak acceleration) becomes larger.
Hazard: this is the probability that a particular danger (threat) occurs within a given
period of time.
J integral: this is a path-independent line integral around the end of a crack, and is one
way of representing the strain energy release rate, or work per unit surface area,
released during formation of a crack.
Lateral spread: this is a type of landslide characterized by lateral translation, disruption
and subsidence of the body of the landslide, resulting in a horst and graben morphology
in the displaced material.
Landslide crater: this is the source zone, or depletion zone, of a large landslide in
sensitive clay. In most cases some displaced material remains within the landslide
crater, and the rest of the displaced material is eroded away in the receiving
watercourse, so that the crater is the only remaining evidence of the large landslide.
Large landslides in sensitive clay tend to leave craters with a distinctive “thumbprint”
morphology of earth ribs and clay ridges (i.e. horst and graben), and this morphology is
often preserved centuries or even millennia.
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Landslide inventory: this is a database of landslide features within a certain geographical
area.
Land use: in the context of this thesis, land use is an interpreted representation of the
primary land cover, as interpreted from available satellite imagery.
Mode I fracture: this is opening of a crack, for example as observed in a tension crack.
Mode II fracture: this is sliding shear movement along a crack, where the direction of
movement is perpendicular to the front edge of the crack. This type of movement along
a crack is what is most commonly assumed to occur along a shear band in soil.
Mode III fracture: this is tearing shear movement along a crack, where the direction of
movement is parallel to the front edge of the crack.
Overburden thickness: this is the thickness of unconsolidated soils overlying bedrock.
Progressive failure: in the context of this thesis, this is the development of a complete
failure surface, leading to eventual collapse, over time, rather than instantaneously, as is
typically assumed in limit equilibrium slope stability analyses.
Remoulding energy: this is the strain energy required to fully remould a soil sample.
Remoulded strength: this is the shear strength of a fully remoulded soil sample.
Retrogressive landslide: this term is commonly used to describe large landslides in
sensitive clay, which appear to fail as a series of successive small failures working their
way rearward (i.e. retrogressive). This thesis has presented an alternative mechanical
model involving progressive failure, but this term is used commonly in the literature and
practice.
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Residual strength: this is the large strain (or more accurately, large displacement)
strength of a soil under drained loading conditions.
Risk: this is defined as a measure of the probability and severity of an adverse effect to
life, health, property or the environment. Quantitatively, risk is equal to the hazard
multiplied by the potential cost of the loss, and can also be expressed as the probability
of an event’s occurrence times the consequence of its occurrence.
Sensitive clay: sensitive soils are fine grained soils (silt or clay) with elevated sensitivity
(defined below).
Sensitivity: this is the ratio of undrained shear strength of an undisturbed soil sample to
that of a remoulded sample. Undrained shear strength may be measured in a number of
ways, including unconfined compression, field vane shear, and Swedish fall cone tests.
Soil: in this thesis, the word “soil” is used in the way it is generally understood by
geotechnical engineers. More specifically, soil is an accumulation of mineral particles
that is either uncemented or lightly cemented, and containing water, air, or other gases
in the inter-particle void spaces.
Strain weakening: this term implies that a material loses strength upon continued
shearing after the peak strength has been obtained.
Susceptibility: is the tendency for conditions to exist that are favourable to the
development of new landslides. This is a measure of the tendency for future landslides
to occur, with no information regarding the temporal frequency, or return period. A
landslide susceptibility map will show where landslides are more or less likely to occur,
without reference to annual probability of occurrence.
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Appendix B
List of Symbols
A = landslide area

α = slope angle, in degrees
δ = shear displacement along a shear band

δ = the nominal displacement, a material property defined by δ (τ p − τ r ) = ∫ (τ − τ r )dδ
E or E’ = Young’s modulus
G = shear modulus

γ = shear strain
h = slope height

IB = brittleness index, or I B =

τ p −τ r
τp

Ir = remoulding index, an indication of how much strength loss has occurred, expressed
as a percentage of the difference between peak and residual strength
J = the J integral, a measure of strain energy release rate
l or L = length of a propagating shear band
Lcr (chapters 4 and 5) = the critical length of a propagating shear band. If a shear band
reaches this length, it will begin to propagate even if external loads other than gravity are
removed, with this continuing propagation being driven by the release of energy from the
propagating crack (or shear band)
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Lcr (chapter 7) = the length of the landslide crater, measured from the centre of the crater
outlet inward along the line of travel
Lp = length around the perimeter of a landslide crater
Lex = a dimension used to represent the magnitude of a certain erosion event, equal to
the horizontal length of excavation into a slope of a triangular shaped excavation
MLS = landslide magnitude, where MLS = log10(A)
po = average in-situ earth pressure in a slope, from the ground surface to a depth, h,
equal to the height of a notch cut into an infinite slope

ρ = bulk density of soil, in kN/m3
RL = length ratio (describes geometric characteristics of a landslide crater)
RP = perimeter ratio
RW = width ratio
St = sensitivity, which is the peak shear strength divided by the remoulded shear
strength

τ g = shear stress due to gravity = ρgh sin α for an infinite slope
τ p = peak shear strength
τ r = residual shear strength. In some contexts, this is also remoulded shear strength

ν = Poisson’s ratio
vs = shear wave velocity
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W max = maximum width of the landslide crater
W out = width of the landslide crater outlet

ω = the length of the end region at the end of a propagating shear band, along which
shear strength drops from peak to residual
wLS = limit state energy, or the strain energy required to obtain the peak shear strength
wN = normalized strain energy, or strain energy divided by the limit state energy
wr = remoulding energy
W i+ = positive weight associated with factor “i,” used in the weights of evidence
susceptibility mapping method
W i- = negative weight
z = depth below ground surface
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