LANDSLIDES IN SENSITIVE MARINE CLAY
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A brief review of the regional aspects of the landslide problem in the St.
Lawrence Riverlowlands is presented. More detailed studies of landslides
in the area around Ottawa are stressed. A method of analysis for slopes
is suggested in which particular attention is given tothe weathered surface
layers of the clay. Some of the conditions leading to large retrogressive
landslides are considered.

eTHE ST. LAWRENCE RIVER lowlands have extensive deposits of sensitive postglacial
marine clay prone to landslide activity. In this respect many similarities exist be-
tween the situation in eastern Canada and that in Norway and Sweden. Certain areas
have a history of very large landslides of the earthflow type; the most noteworthy recent
landslide, which occurred at Saint Jean Vianney in May 1971, resulted in the loss of 31
lives and involved several million cubic yards of clay (30). In such areas the location
of transportation routes requires more than the normal geotechnical study. For ex-
ample, eight bridge sites were investigated for a crossing of the South Nation River in
eastern Ontario; several of these sites were rejected because of the dangers presented
by a possible earthflow. In May 1971 a large earthflow occurred close to one of the
rejected sites (9).

During the past 20 years a number of investigators have conducted detailed geotech-
nical studies in areas of intense landslide activity. These studies indicate that regional
differences exist in the characteristics of the deposits and in the type of landslide ac-
tivity. This paper reviews certain regional aspects of the problem but concentrates on
the analysis of the landslide phenomenon in the Ottawa area. Two examples of earth-
flows and several smaller landslides will be used to demonstrate the behavior of the
Ottawa area Champlain Sea clays in landslides.

REGIONAL FEATURES

An appreciation of the geological history of the sensitive marine clays of the Champ-
lain Sea may be gained from various papers (10, 11, 12, 16). Chagnon (4) prepared an
inventory of documented landslides in the province of Quebec La Rochelle, Chagnon,
and Lefebvre (21) extended Chagnon's work by using photogrammetric studies and dis-
cussed the landslide problems in Quebec. The major areas of intensive landslide ac-
tivity are shown in Figure 1. If known landslides in the Champlain Sea clay areas of
eastern Ontario were added to Chagnon's inventory, the number of past occurrences
would exceed 700. Published information on 50 large flowslides indicates a total loss
close to 100 lives and approaching 10,000 acres of uplands.

Although all of these landslides occurred in clay deposits of the Champlain Sea, im-
portant regional differences exist in the physical properties of the clays. For example,
the consolidation of the clay varies from normally consolidated to an overconsolidation
of 10 tons/ft* (9.76 kg/cm?). Plasticity varies from very weakly plastic to plasticity
indexes of 40. The one common property is high sensitivity or loss of strength upon
disturbance.

Although no generalization is justified without complete knowledge of the geology of
a particular basin, the clays occurring along the Saguenay River and lower St. Lawrence
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valley appear to be either heavily overconsolidated or very strongly cemented or both.
The mechanical behavior of such clays is described in some detail by Loiselle, Mas-
siera, and Sainani (23) and Townsend, Sangrey, and Walker (31). The landslide on the
Toulnustouc River {5) and the Saint Jean Vianney landslide (20) occurred in these rela-
tively stiff sensitive clays. -

In the central St. Lawrence lowland, the clays tend to be softer and only lightly over-
consolidated (11). This area has many extensive clay plains of low relief and rather
poor drainage conditions. Some stream courses, such as the Maskinonge, show scars
of many landslides, frequently side by side (Fig. 2). Karrow (17) describes the land-
slide problem on two topographic map sheets from the area, and La Rochelle and his
coworkers (21) illustrate the situation along the Yamaska River. Other landslides that
have been documented from the region occurred at St. Thuribe (28) and at Nicolet (2,
13). - .
~ The Ottawa River valley, because of its higher elevation, may in general tend to have
better drainage conditions than the area east of Montreal. Many clay slopes in the
Ottawa area have developed a weathered crust of clay that is considerably stronger
than the underlying clay. The crust may extend to depths of 10 to 20 ft, and a part of
the initial slip develops in this weathered material. The Ottawa area clays also have
a postglacial history of erosion and redeposition due to influx of fresh water from the
Great Lakes through the Ottawa River at one stage (10). Redeposited clays overlie the
marine clays to significant depths, and most of the landsliding is thought to develop in
the redeposited materials. Sangrey and Paul (29) discuss this situation as it pertains
to the Green Creek valley east of Ottawa. -

Although some of the marine clays in the Ottawa area exhibit a brittle type of be-
havior (5), the redeposited clays and the clays in the weathered crust show a dilatant
frictional type of shear behavior under low normal stress levels, such as prevail in the
initial stages of a landslide. This type of shear mechanism has been demonstrated by
Jarrett (15) and Ladanyi and Archambault (19) as well as by the present authors (7).
The shear mechanism is considered to arise because of inherent defects or planes of
weakness in the clay and results in a curved failure envelope. In many cases the land-
slide activity is confined to one or two slips (Fig. 3). The debris from such slides has
a granular-like appearance and is composed mainly of fissured clay. Occasionally
large-scale retrogressive failures follow the initial slip, with the softer, more sensitive,
underlying clay becoming involved, and large earthflows develop such as the South
Nation River landslide (Fig. 4). In such cases much of the debris becomes completely
remolded with only the dry surface layers remaining intact as blocks in a mass of
semifluid material.

LANDSLIDE ANALYSES
Initial Sliding

For the curved failure envelope generally found to be applicable to initial slope fail-
ure in the Ottawa valley the empirical strength parameters ¢’ and ¢’ are variables that
depend on the effective normal stress. c¢’and ¢’ are apparent strength parameters de-
termined in drained triaxial strength tests in the appropriate range of normal stresses.
These apparent properties reflect the dilatant tendencies of the material, such as de-
seribed by Ladanyi and Archambault (19). Although it is possible to develop analytical
procedures for variable strength parameters, the critical stress curve method or a
linear approximation of the curved failure envelope over the appropriate stress range
is an acceptable alternative in computing factors of safety.

The critical stress curve method can be facilitated by the use of computers; a direct
solution to Bishop's equation will yield the value of c’ that gives a factor of safety of
unity for a given ¢’ and given slope conditions. Various combinations of ¢’ and ¢’ giving
a factor of safety of unity for the critical circle will define a critical stress point in
(t,0/) space., The critical stress curve joins critical stress points calculated for cir-
cles found to be critical for the range of ¢’ values applicable to the curved strength en-
velope. This subroutine has been programmed by Arseneault (1), and the program was
later modified to incorporate a variable r, parameter (7), where r, is the pore pressure
ratio as defined by Bishop and Morgenstern (3). -
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Figure 1. Marine clay and landslide distribution in Quebec (21).
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Figure 2. Landslide scars along Maskinonge River Figure 3. Landslide on Green Creek, 1971.
(RCAF photograph).
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Typical results from a critical stress curve analysis are shown in Figure 5. Limit-
ing equilibrium is predicted when the slope conditions are such that the critical stress
curve becomes tangent to or coincident with the failure envelope. The latter condition,
indicating that a number of slip circles reach critical equilibrium at the same time, is
often found to be the case when retrogressive failures have followed initial sliding. The
minimum factor of safety can be obtained as the minimum ratio 7/7, where 7 is the
shear strength at a given value of ¢, and T is the average shear strength required for
stability and is obtained from the critical stress curve at that value of ¢,. If it is shown
that factors of safety can be predicted to greater accuracy than obtained by this graph-
ical method, these factors can be calculated for the critical circles by means of an
iterative subroutine. The graphical method facilitates direct comparison of stability
of slopes with variable r, factors and variable strength parameters.

A number of documented slope failures in the Ottawa area have been analyzed by using
this method; relevant data are given in Table 1. A calculated factor of safety close to
unity was found to correspond, in most cases, to hydrostatic saturation of the slope.
Tension cracks have been noted prior to failure (26), and hydrostatic saturation may be
due to surface water infiltration into these openings. Eden (6) describes a case where
surface water was observed entering the soil via tension cracks a few hours prior to
failure of the slope.

The large variations in the values of ¢’ and ¢’ used in the analyses given in Table 1
result from the variations in average depth of failures, hence the point of tangency of
the critical stress curve and the curved failure envelope. Actual variations in soil
strength from various sites in the Ottawa valley region are shown in Figure 6. The
data in Figure 6 include a variety of sample sizes, sample orientations, and type of
samples (block and tube samples); little, if any, reduction in shearing resistance after
failure occurs in this stress range (25). There are a few outcroppings of the intact
marine clay in the Ottawa valley (10, 29), and these clays yield a peak strength envelope,
represented by the dashed line in Figure 6, with considerable loss in shearing resis-
tance after peak strength. A 30 percent variation in strength of samples obtained from
different sites is shown in Figure 6. Detailed strength testing is necessary at any given
site if usually accepted factors of safety (1.2 to 1.5) for long-term slope stability are
to be used. These data also indicate that ¢’ > 55 deg for ¢’ = 0, where ¢’is the apparent
angle of obliquity.

The depth of initial failure in most of the cases documented is considered to extend
below the depth of active weathering. For a curved failure criterion, the depth and
location of the critical circle depend mainly on the slope geometry and any adverse
groundwater conditions. Three examples will serve to indicate this dependence.

Breckenridge Landslide, 1963—A critical circle encompassing the entire slope at
Breckenridge and giving a factor of safety of about 1.05 is predicted on the computer
by using the average measured groundwater conditions (r, = 0.4). When the variation
in groundwater pressure was considered and by using the variable r, program, a cal-
culated factor of safety of 0.98 was obtained and the critical circle was predicted to
emerge about midway up the slope (7). The position of this predicted circle satisfies
the kinematic restrictions suggested by Kenney and Ali (18). This example shows that
the location of the critical circle is dependent on variations in r,, a factor of importance
in considering stabilization methods and the possibility of retrogression.

South Nation River Landslide, 1971—Almost ', mile of initial failure at this site oc-
curred in slopes with profiles as shown in Figure 7. An analysis of the overall slope
yields a factor of safety of about 1.5. It is known, however, that the failure occurred
under drawdown conditions (9). When a toe failure was considered (using r, = ¥u/Ysos1
to approximate rapid drawdown), a factor of safety of 1.02was obtained. Table 1 shows
that an identical factor of safety was obtained for a uniform 20-deg slope that failed
near the southwesterly limits of this landslide. The strength parameters applicable to
these two failures in exactly the same material are different because of the different
depths of material involved in the initial slide. This example shows the importance of
allowing sufficient latitude in the search area and considering the experimental varia-
tions of ¢’ and ¢’ when slopes with variable two-dimensional geometry are analyzed.
The relevant critical circles are shown in Figure 7.




Figure 5. Critical stress curve analysis.
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Table 1. Details of landslide analyses.
Critical
Strength
Height Average Parameters
of Slope _— Calculated
Slope  Angle ¢’ @' Factor of
Slope Failure (m) (deg) (kg/cm®) (deg) 1. Remarks Safety
Breckenridge, 28 24 0.06 35 0.4 to 0.65 Piezometer readings; 1.05
1963 (25) artesian toe pressure  0.98
Rockeliffe, 12 27 0.12 33 0.62 Hydrostatic saturation 1.02
1967 (25) indicated
Orleans, 10 35 0.11 34.5 0.59 Assumed hydrostatic 0.95
1965 (8) saturation
Rockeliffe, 12 24 0.092 36.8 0.62 Assumed hydrostatic 0.99
1969 (27) saturation
Green Creek, 18 19 0.05 41.5 0.6 Assumed hydrostatic 1.05
1955 (27) saturation
Green Creek, 19 25 0.10 38 0.6 Agsumed hydrostatic 0.98
1971 (26) saturation
Breckenridge, 26 22 0 55" 0.62 Assumed hydrostatic 1.0°
1970 (26) saturation
South Nation 9 29 0.09 36 0.60 Assumed hydrostatic 1.02
River (9) 20 20 0.14 27 0.54 saturation 1.02
¢’ calculated with ¢’ = 0, b Assumed.

Figure 6. Strength data for several sites in Ottawa area.
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Figure 7. South Nation River landslide analysis.
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Figure 8. Infinite slope type of failure, Breckenridge Creek.
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Breckenridge Landslide, 1970—If the curved failure envelope in Figure 6 is presumed
to pass through the origin of coordinates, the critical circle may be surficial; surficial
sloughing is noted in actively eroding slopes with little vegetative cover, but several
documented initial failures approximate reasonably well to circular arc sliding (8, 27).
The end condition at the toe, stiffer weathered crustal material, and reinforcing root
structures are factors that make surficial infinite slope failure less critical. Where
sufficient removal of toe support occurs because of natural erosion or construction ac-
tivities, infinite slope sliding may occur; an example of this type of sliding on the
Breckenridge Creek is reported by Mitchell and Eden (26) and is shown in Figure 8.
By using the equation for infinite slope sliding (2), with r, = 7,/Y and 8 = 22 deg (condi-
tions applicable to this failure), a value of ¢’ = 557, deg is obtained at critical equilib-
rium (factor of safety = unity). Analyzed by using the values of ¢’ and ¢’ applicable to
the 1963 Breckenridge landslide, a factor of safety in excess of unity would be obtained
for the critical circle.

The 10 analyses of slope failures given in Table 1 were carried out using strength
data from laboratory tests. Calculated factors of safety are 1+0.05. These data sug-
gest that the long-term factor of safety of a slope in the Ottawa area can be calculated
with some confidence by using the approach outlined above.

Retrogressive Sliding

Early Canadian geological literature contains many classic descriptions of large
landslides in the Champlain Sea clays. Very little information about soils is contained
in these reports and the geotechnical research effort has been concerned mainly with
mapping areas of known slide activity (14, 21). Meyerhof (24), however, presents and
compares some soils data from various large landslides. The occurrence of two very
large landslides in the spring of 1971—the Saint Jean Vianney slide (30) and the South
Nation River slide (9)--provided opportunities for the soils conditions at the sites of
these landslides to be investigated. Because these investigations are still in progress,
the discussion herein will be restricted to a description of retrogressive mechanisms.

Eden and Mitchell (7) showed that computed factors of safety for circular arc retro-
gression following initial slope failure are significantly less than unity in cases where
field observations indicated that retrogressive sliding did occur. Stability analysis
based on drained test data cannot, however, be extended to multiple retrogressions;
after several retrogressive slides have developed, further retrogression must be
treated as a "short-term' undrained stability problem. Elements of soil are sheared
undrained from the in situ K, condition, and the peak shearing resistance is represented,
for Champlain Sea clays, by a cementation strength (5, 31). Because the cementation
strength is in excess of the frictional strength commensurate with the in situ voids
ratio, a reduction in shearing resistance in undrained tests is observed after the peak
strength. Such strain-softening characteristics should be considered if accurate factors
of safety are to be calculated for undrained slope failures. A method for developing
iocal residual factors to be applied in the standard upper bound solution to short-term
slope stability in Champlain Sea clay has been presented by Lawrence (22).

Field evidence indicates that spoil from large retrogressive landslides is largely
remolded and exhibits viscous or plastic flow. These landslides are generally associ-
ated with soft underlying materials or with interbedded silts and fine sands. It would
appear that the failure mechanism involves extrusion and/or liquefaction. Extrusion
may occur where the material is cohesive (largely clay minerals), whereas liquefaction
is a possible mechanism when loose silts and sands are interbedded with the clays. An
elastic, perfectly plastic, finite-element stress analysis for slopes in Champlain Sea
clay (22) indicates that a confined plastic zone (yielded zone) would form near the base
of a slope and would extend to a free boundary near the toe (such that extrusion would
occur) when the factor of safety, based on upper bound analyses, approached unity.
Strain softening would lead to greater yielding and earlier extrusion. Landslides that
continue to retrogress in an undrained manner by either extrusion or liquefaction are
termed ''flowslides."
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It is believed that all landslides in the Ottawa area were initiated by a single rota~
tional slide. In many cases several retrogressive slices failed, but the slope height
was insufficient to cause undrained failure and the retrogression was terminated. In
a few cases the retrogression developed into a flowslide.

At least one case record indicates that large landslides may develop by mechanisms
other than flowsliding. A landslide on the Toulnustouc River, Quebec, involving about
5 million cubic yards of Champlain Sea deposits, is considered to have developed as a
progressive, infinite slope type of slide (5). The deposits at the site of the slide are
interbedded overconsolidated silts and clay silts that dip at 2 maximum angle of 10 deg
toward the Toulnustouc River. The failure plane is considered to have followed the
bedding planes. This case record indicates that progressive failure at or near residual
strength may develop under the appropriate geological conditions. As already men-
tioned, the Ottawa area Champlain Sea deposits are normally lightly overconsolidated
and the mechanism of progressive sliding is not considered relevant.

DESIGN AND CONTROL CONSIDERATIONS

High groundwater pressures and active toe erosion appear to be the major natural
factors that cause a slope to become unstable. Ideally, pore water pressure measure-
ments should be taken when the stability of a slope is evaluated; such measurements
are considered essential if there is any indication of artesian conditions. Mitchell and
Eden (26) measured deep-seated creep movements in slopes where the calculated factor
of safety was less than 1.25. The possibility of creep movements opening up tension
cracks and permitting the direct entry of surface water to critical zones, thus promoting
failure, must be considered. If the calculated factor of safety of a slope, where r, is
everywhere less than v,/v, is less than about 1.5, it is recommended that the long-term
factor of safety of that slope be evaluated by using r, = ¥,/7 (full hydrostatic saturation).
If tension cracks are noted in a slope it would be advisable to cover or seal them with
relatively impervious materials until permanent stabilization methods can be adopted.
The writers know of several slopes in the Ottawa area where tension cracks were visible
1 or 2 years prior to slope failure. Testing of soils in the low stress range (under low
confining pressures) and considering the variance of ¢’ and ¢’ with confining pressure
at failure are necessary if the minimum factor of safety for a given slope is to be ob-
tained from an analysis.

A large measured frictional component of strength and the general high groundwater
conditions in natural slopes suggest that toe drains may be useful in ensuring the sta-
bility of slopes. A small slope failure occurred just east of Ottawa in May 1972, but
similar adjacent slopes with toe drains remained stable. The toe drains had been in-
stalled in connection with a development close to the slope terrace. No other field ex-
perience with this type of drain in the Ottawa area is known to the writers.

Possible future erosion of the toe must be considered when the long-term stability
of river banks is evaluated. A section of the south bank of the Ottawa River is cur-
rently being stabilized against ice and water erosion with rock from excavations in
downtown Ottawa. Cooperative endeavors such as this would appear to provide an eco-
nomical answer to eventual stabilization of natural slopes on well-developed river banks.
In actively eroding river systems, where erosion will inevitably initiate sliding, mea-
sures of controlling or preventing retrogression and/or flowsliding may be possible.
Landslide warning systems perhaps similar to systems used in the mining industry to
warn against rock bursts should be developed in hopes of preventing loss of life due to
flowsliding.

CONCLUSIONS

In this paper, the authors have attempted to describe some of the facets of the land-
slide problem in the marine clay deposits of eastern Canada. The importance of local
geological conditions has been indicated by reference to several landslides studied in
the Ottawa area. The type and extent of the landslide are determined by the prevailing
local geology. From a study of a number of landslides, an analytical and testing pro-
cedure has been found that has been reasonably successful in its application to stability
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problems. Although the detailed sampling and testing required in the application of
these procedures may not be applicable to all routine slope stability investigations, an
understanding of the concepts of a highly frictional behavior and dilatancy at low stress
levels and a curved failure envelope may assist in assessing remedial measures such
as slope flattening, toe berms, or drainage provisions. In studies of critical slopes,
detailed testing and analysis should be justified so that a better correlation can be con-
ducted against the existing background of information.

When detailed investigations indicate that a failure may occur, the consequences of
subsequent retrogression and a possible flowslide must be considered. TUntil the mech-
anisms and conditions leading to retrogression are better understood, the mapping of
areas of past retrogressive landslide activity appears to be the best approach for plan-
ning purposes.

In summary this paper has attempted to demonstrate that

1. Local geological conditions are important to the type and extent of landslide ac~
tivity;

2. The initial phases of a landslide frequently take place in fissured clay, which
behaves in a distinct manner;

3. No single shear failure criterion is valid because failure may develop simulta-
neously on a number of planes; and

4. The possibility of retrogressive landslides and large earthflows must be con-
sidered.
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