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ABSTRACT

A 40 million m3 landslide dammed the Saddle River 12 km northeast of
Rycroft on or about June 17, 1990. The Saddle River valley is 1 km wide and 100 m
deep at the landslide, tie walls of the valley slope at 11° down to the river which is 30
t0 40 m wide. About 13 hectares of tilled land were lost at the prairie level as the
valley crest retrogressed up to 200 m to a 1 km long, 15 to 25 m high scarp. The
landslide dam was formed by upward rotation at the toe of the slope. By October, 1990
a 4 km long lake, up to 22 m deep and containing 4 Mm3 of water was impounded.
Overtopping of the dam began in April, 1991 as a result of spring run off and has
continued intermittently through the first year with some erosion. The river at the
landslide is degrading close to the thalweg of a buried preglacial channel. The displaced
mass involves glacial lake deposits, till and preglacial lake clay. The preglacial lake
clay, seen as a weak layer at depth, is the main factor accounting for the large size and
mobility of the landslide. The reactivated, retrogressive, compound earth-slide followed
an intense rainstorm which produced 1 in 50 year flows in the Saddle River of 667
m3/sec at midnight on 11 June. The river profile shows that the post-glacial Saddle
River is still actively degrading. The landslide occurred as the tiver cut into preglacial
lake clays and is the result of a transition from a stable slope governed by the strength
of the till, to one governed by the weaker strength of the preglacial lake clay.
Laboratory tests indicate the till is medium plastic, normally consclidated and stiff to
very stiff and the preglacial lake clay is normally consolidated and anisotropic in
strength, highly plastic, stiff and fissured and exhibits significant strain softening.
General slip surface limit equilibrium stability analyses confirm the assumed parameters
of the pre-slide slope by indicating a factor of safety near unity for the initial rupture
surface. The initial rupture surface formed a scarp 50 m back of the valley crest and
then retrogressed to form the present main scarp. A 3-D stability analysis shows there
is a 6% increase in the factor of safety due to 3-D effects. A post-slide stability analysis
indicates that the displaced mass is now more stable.
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Carmm 1: INTRODUCTION

With the deglaciation of the Interior Plains occurring less than 9,000 years
B.P., the re-established river systems are still mainly degrading. Degradation is the
lowering of the surface of land by erosive processes, especially by the removal of
material through erosion and transportation by flowing water. Processes of over-
steepening, stress release and valley rebound, associated with degradation, and the
presence of weak layers, such as bentonite-rich seams in the bedrock of southern
Alberta or preglacial lake clays in the Peace River lowlands, result in widespread slope
instability in the river valley walls of Alberta. The resulting landslides are a natural
step in valley formation during the Quaternary. In Alberta, the siver valleys are the site
of major industry and cities which depend on the river as a water source and are the
location of numerous transportation and pipeline route crossings. An understanding of
the processes associated with degradation of Alberta rivers is an essential mandate of
the geotechnical engineer.

The study of the Rycroft Landslide Dam is part of an ongoing study of
landslides along Alberta rivers undertaken jointly by the University of Alberta and
Alberta Environment (Thomson and Morgenstern, 1977) and dedicated to enhancing
knowledge of the factors that control the numerous landslides in Alberta’s river valleys.

The landslide that dammed the Saddle River, referred to as the Rycroft
Landslide Dam, occurred within a day or two of June 17th, 1990, at a location 12 km
northeast of Rycroft in northwestern Alberta (Figure 1.1) on the north wall of the
Saddle (Burnt) River, a tributary to the Peace River. The volume of the landslide,
estimated at 40 million cubic metres, ranks as the largest historic landslide in Alberta.
Because the displaced mass dams the river it is also the first historic landslide dam in
the Interior Plains of Canada.

The landslide occurred four or five days following a 1 in 50 year rainstorm
event in the Saddle River catchment. Approximately 12 hectares of freshly seeded
wheat field dropped 15 to 25 metres due to the slide movement. Horizontally, the
landslide measures 850 metres from scarp to the toe and it is 1,000 metres wide. The
maximum depth to the rupture surface is 100 metres below prairie level. The dam,
formed when the toe of the landslide was thrust upward by the slide movement, is 23
metres high at the spillway crest and approximately 800 metres long. By October of
1990, the nearly full reservoir extended 4 kilometres, with a maximum width of 200
meti2s and depth of 23 metres. Overtopping of the dam occurred with the annual



snowmelt in April, 1991, forming a channel where the displaced mass met the right
bank of the river. Only minor erosion of the dam occurred over the first season.

Field reconnaissances of the site were completed by J. McClung of Alberta
Environment and S. Thomson and D. Cruden of the Department of Civil Engineering,
University of Alberta in July of 1990. The author was made aware of the landslide in
April, 1991, and carried out a detailed field mapping in Zune, July and August, 1991,
supported by the University of Alberta and Alberta Environment. A topographic survey
of the landslide was conducted in July, 1991 by A. Peterson of the Department of Civil
Engineering, University of Alberta. Two testholes, 187 and 120 metres deep were
drilled behind the crest of the landslide, by Albertz Environment in July, 1991.
Laboratory testing on samples recovered from the site were performed under the
supervision of L. Kolody at Alberta Environment’s geotechnical laboratories in the
autumn of 1991.

The goals of this study of the Rycroft Landslide Dam are to determine the set of
conditions that resulted in the large magnitude landslide, establish how these conditions
fit into the ongoing interactive processes of the post-glacial Saddle River degradation
and test the validity and sensitivity of assumed conditions and the appropriateness of
laboratory strength test results and methods of stability analysis. The intended result is
an increased understanding of the phenomena and an increased confidence in the
prediction and mitigation of these large scale landslides that plague the Peace River
lowlands.

The format chosen follows the sequence of the investigation. The thesis initially
describes the physical setting of the landslide through a terrain analysis of the landslide
and surrounding area. The geology of the site is established by investigating the
bedrock geology and topography, the preglacial and glacial history and the test drilling
at the site. The degradation processes of the river, as they relate to the Rycroft
Landslide, are presented through a study of the hydrology, mophalogy and
physiography of the Saddle River. The classification and material properties of the
relevant soil units in the landslide are presented as obtained from the laboratory test
program. Finally, the mechanics of the landslide are analiyzed using limit equilibrium
analyses of the reconstructed pre-slide slope and the post-stide displaced mass.
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Cuarrx 2: SITE DESCRIPTION AND CLASSIFICATION

2.1 Introduction

A terrain analysis of the Rycroft Landslide site is presented in this chapter to
provide a frame of reference for study of the relevant aspects of the landslide in
subsequent chapters and to classify the magnitude and character of the landslide. The
terrain analysis is performed from black and white vertical aerial photographs, oblique
aerial photographs, topographic maps and field reconnaissance. This chapter starts with
a general description of the terrain in the locality of the Rycroft Landslide, then
narrows to describe the landslide, the landslide dam and the ensuing reservoir. Using
the description of the site, the landslide is then classified according to mobility, size
and character.

2.2 Site Layout

The Rycroft Landslide is contained in the Peace River Lowland physiographic
region. The general layout of the site is illustrated in Figure 2.1. The landslide
occurred on the left or north wall of the Saddle River about 6 km upstream of its
confluence with the Spirit River. The post-slide air photo (Figure 2.2) shows the
landslide dam and impounded reservoir as it looked in October, 1990. The only
structure downstream of the landslide dam on the Saddle River is the secondary
highway bridge approximately 6.5 kilometres down river (Figure 2.1).

The prairie level behind the Rycroft Landslide has a mean elevation of 575
metres above sea level. At prairie level the surficial deposits are mapped as glacial lake
deposits (Liverman,1990). The lake deposits are seen on air photos (Figure 2.2) as
distinctive, mottled, dark to medium tones. On the ground, low bummocks form a
rolling topography with a relief of 2 to 3 metres, a diameter of 80 to 200 metres and
spaced 120 to 220 metres apart. The majority of the land at prairie level is cultivated
with wheat and canola being the main crop types. Clearing of the land for agriculture
took place during the 1960’s. There is a large ephemeral slough 2.5 kilometres west of
the site (Figure 2.1). Dark tones in depressions seen on air photos (Figure 2.2) behind
the
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Figure 2.2  Alberta Government panchromatic air photo AS4088-135 taken at a
nominal scale of 1:25,000 on 17 October 1990, Geographic Air Survey
Ltd., Edmonton.
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scarp of the landslide are indications of wet conditions. These areas drain by a series of
V-ditches which direct the runoff into the ravine that forms the right flank of the
landslide.

The river valley terrain is mapped as colluvium (Liverman,1990). An overlay
of 1999 airphotos (Figure 2.3) shows numerous semi-circular and elongated scarps and
sag ponds characteristic of the river valleys in the area. On air photos the colluvium is
seen as dark uneven tones. The general channel pattern of the river is irregular having
confined meanders controlled by landslides in the valley walls. Prior to the landslide,
measurements from topographic maps (Alberta Forestry,1985) indicated the valley
walls sloped at an average of 11 . At prairie level the valley is about 1 km wide and
at river level it is as wide as the river bed, 30 to 40 m. The valley depth is close to 100
m. The walls are densely forested with, poplar being the major tree type.

23 Landslide Description

The features of the post-slide site are illustrated on an overlay of low level (1:5,000) air
photos flown in October, 1990 (Figure 2.4). In plan the landslide is roughly square
with rounded corners. The displaced mass has an approximate length of 800 m and
width of 1,000 m. On the left or north valley wall, the scarp forms a gentle arc about 1
kilometre long, starting at a small ravine on the right or southwest flank, traversing a
cultivated field and curving abruptly toward the river tangent to an old landslide of
similar character and size on the left or northeastern flank. The lateral scarps are
parallel and sub-vertical. The loss of land at prairie level was 12 hectares. As the over-
steep scarp retrogresses, a further 10 hectares may be lost.

The back portion of the displaced mass was downdropped and broken into a
series of wedges. The main scarp varies from 15 to 25 m high and has an average dip
of 57 . The main scarp formed at a maximum distance of 200 m behind the tree line
that marked the original valley crest. This distance was stretched longitudinally during
the landslide to approximately 300 m. The down-dropped.area was broken into a
number of blocks (or horsts and grabens) which backdip between 0" and 20°. This
portion of the slide mass is evidence of the retrogression of the reactivated landslide
whose scarp formed the original valley crest. Faults within this area have dips between
45° and 90°, both up and down slope (Figure 2.4). Exposures in this
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Legend as on Figure 2.3. Within the hatched area, trees are upright and
old landslide scarps have not been reactivated.
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area of the slide mass reveal glacial lake deposits extending to depths of 15 to 25 m
below the original prairie level and are underlain exclusively by till. A full description
of these soils is given in Section 3.5.

There is little deformation within the central portion of the slide even though it
moved approximately 100 m. The hatched area is included on Figure 2.4 to emphasize
the extent of the undisturbed area. Within the hatched area, trees are upright and the
old landslide scarps have not been reactivated. There is a circular shaped subsidence
area indicated within the hatched area just west of line A-A’ and is also present on the
1979 airphotos (Figure 2.3). On the ground the area of subsidence appears to collect
drainage from the surrounding area but lacks evidence of ponding, suggesting the area
drains vertically through an opeaing in the slope. It is suggested the opening is a
remnant crack formed during a previous movement of the slope. Open cracks in the
pre-existing slide area are significant if they have the potential of filling with water
during periods of high surface runoff and affecting the slope stability. This is discussed
further in Chapter 7. Till is the only soil found in exposures in the central portion of
the slide mass.

The dam formed by the river bed being thrust upward by the slide movement.
There is significant deformation at the toe of the displaced mass where the forest cover
shows substantial rotation and thrusting. The riverbed was heaved upward and thrust
over the right bank, a distance of some 60 m horizontally. This movement raised the
river bed as much as 30 m above its original elevation 800m along the thalweg. Soil
exposures within the toe area are primarily till. Exposures at test pits TP 1,2 and 3
(Figure 2.4) of stiff, fissured, rhythmited clay are discussed in detail in Section 3.6 .
The locations of uplifted riverbed deposits, also found in the toe area, are shown on
Figure 2.4. A small mudflow at the tip of the slide (Figure 2.4) contains completely
remoulded clay which apparently flowed out from the rupture surface ahead of the
debris during the movemeat. Debris up to 1 metre in diameter is scattered on the
riverbed downstream of the toe of the slide (Figure 2.5). These pieces were picked up
and transported hydraulically by the high flows in the river valley (approximately 40
m3 /sec.) at the time the channel was being constricted by the slide. The original
spillway crest over the dam is at the tip of the landslide debris, 24 m above the pre-
existing river bed elevation about 200 m from the upstream end of the displaced mass.
There were no signs of seepage through the toe of the displaced mass in the first year
following the landslide.



Figure 2.5

Dark Srown-grey material in the foreground is debris scattered on the
riverbed downriver of the landslide dam.

11
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From the physical description of the landslide given above the landslide type is
a reactivated, retrogressive, compound earth-slide (WP/WLI,1990).

24 Reservoir Description

The impounded reservoir in August, 1991 was 4 kilometres long, a2 maximum
of 100 m wide and with an estimated volume of 4 million cubic metres (McClung,
1990). Soundings taken July, 1991, in the reservoir just upstream of the blockage
indicated a maximum depth of 22 m. Small slumps are commcn and ongoing where
the new banks rise steeply from the reservoir. Numerous drowned trees line the edges
of the reservoir making boat navigation difficult. One year after the slide there is a
thriving beaver community in the reservoir and numerous schools of minnows were
sighted.

2.5 Landslide Classification

The Rycroft Landslide Dam is classified according to its mobility, size and
character. There is limited evidence as to the speed at which the movement occurred
since there were no witnesses to the movement. Based on the daily site visits by the
farmer, however, it is known the movement occurred within a 24 hour period. The
appearance of landslide debris scattered downstream of the dam, discussed in Section
2.4, suggests the movement did not occur so suddenly that the stream flow was
instantly cut off, Assuming the movement occurred in a minimum of 1 hour and a
maximum of 24 hours, and the maximum distance travelled by the main part of the
slide mass was 100 m then the range of estimated velocities for the landslide is 0.03 to
0.001 m/sec . From Hungr (1981), the landslide movement is therfore ranked as rapid
to very rapid and is placed in response class 3 or 4 (Figure 2.6).

To determine the volume of the landslide the method suggested by
WP/WLI,(1990) to standardize the teporting of landslides is used. In this method the
volume of the debris mass is computed by using the major axis of half an ellipsoid;



VELOCITY o (m/sec.)
R 8 g o - °
(m/VEAR) = 2 3 1 9 9
1 ] 1 ) ] 1
- P Q - - - - -
~ pn o (=] o o
" (@] [T S
o~
~
< RYCROFT LANDSLIDE
[Te}
©w
EX.] VERY MODE -] EXTREMELY
si| stow SLOW I"oaTE | RAPID VERY RAPID RAPID

Figure 2.6

Classification of landslide movements.

(8L61)

SSV1D 3ISNOJS3d

SANUYVA

13



14

Volume of displaced mass = 1/6 « L, D, W,

L, =length of displaced mass=784m
D, =depth of displaced mass=98m
W, =width of displaced mass=1000m

Volume = 40,2 Mm?

' Figure 2.7 is a volume histogram generated from the Alberta Landslide
Inventory in preparation by Dr. D. Cruden at the University of Alberta. The histogram
indicates the Rycroft landslide is presently the largest historic landslide in Alberta and,
aside from Frank Slide, is an order of magnitude larger than other landslides in
Alberta.

This is the first historic landslide dam in the Interior Plains of Canada and
because the rupture surface extends under the riverbed and emerges on the opposite
valley side this slide can be added to the very few Type 6 Landslide Dams in the
extensive United States Geological Survey catalogue (Costa and Schuster, 1988). Type
6 Landslide Dams involve one or more failure surfaces that extend under the river
valley and emerge on the opposite valley side from the landslide.
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Figure 2.7

Histogram of landslide volumes from the Alberta Landslide Inventory.
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2.6 Summary

The landslide occurred on the north slope of the Saddle River 6 kilometres
upstream of its confluence with the Spirit River. At the slide the valley is one kilometre
wide and 100 m deep. At prairie level the térrain is gently rolling. The valley has a
confined, meandering channel pattern controlled by landslides on the valley sides. The
Rycroft Landslide is a reactivated, retrogressive compound earth-slide, with
downdropped grabens formed in the scarp area, sub-translational block movement in
the middle and thrusted uplift at the toe. The reservoir which formed was 4 kilometres
long and contained 4 Mms in October, 1990. The estimated speed of the landslide
movement is rapid to very rapid, placing it in response class 3 or 4. The Rycroft
Landslide is the largest historic landslide in Alberta, is the only historic landslide dam
in the interior plains of Canada and is a Type 6 Landslide Dam.
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Currez 3 GEOLOGY

3.1 Introduction

This chapter discusses the geology in i grea Of the landslide as it relates to the
occurrence of the Rycroft Landslide. From Ca¥op and Hackharth (1974) it is apparent
that the Saddle River at the Rycroft Landslide ¥ dgoWoCuttifg through a thick sequence
of buried channel deposits of preglacial and glacjal origin. The relevant geologic
history at the landslide is developed by investiRying the vatigys sedimentary
eavironments that resulted in the filling and s"equenit er0Sion of the preglacial
channel beneath the Saddle River. These envifymends thet provide a frame of
reference for interpreting the stratigraphy usisy jesthole asd field mapping information
at the site . Topics covered include the bedrock geology and topography, the preglacial
fluvial environment, the glacial and post-glaciy pistory and a summary of the
stratigraphy at the site.

32 Bedrock Geology

The Cretaceous sedimentary bedrock S\ta ins the Gtande Prairie map sheet
(83M), which contains the Saddle River, dipa; 2" % 10” to the south and are exposed
along the major river valleys and on the tops Q¢ the Saddle Hils (Figure 3.1, after
Liverman, 1989). The oldest rocks, exposed &y, he BOIth, 2re the early Late Cretaceous
carbonaceous sandstones and shales of the Dy eg#B ForMtion. Overlying the
Dunvegan Formation is the Smoky Group whi y gakes uP most of the bedrock north
of the Saddle Hills and underlies the landslid& gte. The SMoky Group is composedl
mainly of marine shales of the Kaskapau, BsQyast 31q PUkwassu Formations which
are well exposed along the Smoky River. Tha gmoky Grotp grades upwards into the
Wapiti Formation which, exposed in the southy of fae tuap theet, is mainly continental
sandstone with shale and coal and abundant ifygst0B¢ conCletions.

The preglacial bedrock topography of yengral Albetta, inciuding the Peace River
area, was formed by erosion during Tertiary Y, casly Pieistocene times and has been
preserved beneath glacial deposits except wy, post2lacil rivers like the Peace River
have cut through the glacial material and er0Qgg ghe bedsOck (Liverman, 1989).



18

Note : Permission to use this previously copyrighted material in this thesis was not
obtained prior to the final submission of this thesis and is not shown. The figure shows
the bedrock geology of the NTS 83M Map Sheet using a reproduction of a part of the
Geological Highway Map of Alberta published by The Canadian Society of Petroleum
Geologists.

Figure 3.1  Bedrock geology, NTS 83M Map Sheet, Alberta.
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Figure 3.2 shows the thalwegs of buried and existing channels in the Grande Prairie-
Peace River Area (Alberta Environment,1991). The landslide site is close to the
thalweg of a buried channel beneath the present Saddle River about 30 km upstream of
where it joins the thalweg of the Shaftesbury Channel. The approximate bedrock
topography where the two thalwegs join is shown in Figure 3.3. The contours are
modified from Carlson and Hackbarth (1974) to include the known depth to bedrock in
a testhole drilled at the landslide site in July 1991 discussed in Section 3.5. The
landslide site is contained within the buried preglacial channe] beneath the Saddle River
in a widening basin close to where it joins the buried Shaftesbury channel.

3.3 Preglacial History

The preglacial drainage system, which largely parallejs modern systems, flowed
generally northeast across the area (Figure 3.2). The preglacial pattern of drainage had
established trough downcutting through the Tertiary peneplain and was described as
mature, broad valleys with gentle walls, and moderate gradient (Carlson and Hackbarth
1974).

Liverman et al, (1989) discussed a conformable sequence of buried channel
deposits at Watino in the Smoky River valley. The Smoky River occupies the preglacial
buried Bezanson channel which joins the preglacial Shaftesbyry Channel downstream of
the buried channel beneath the Saddle River (Figure 3.2) and may have a similar
preglacial and glacial history to the buried channel beneath the Saddle River. The
Watino section showed that a moderate- to low-energy braided stream system, flowing
to the north down the Bezanson Channel, existed during the Middle Wisconsinan. The
sequence fined upward from stratified sand and gravel at the base into silt and clay
layers. Liverman et al.(1989) concluded this was produced by channel abandonment
rather then by a change in the regional base level. None of the fluvial deposits contain
clasts of Laurentide provenance, and the materials have been dated as Middle
Wisconsinan, deposited during the Watino Nonglacial Interval (Fenton, 1984). The
climate during this time, determined from fossil records, was a temperate boreal
climate similar to today (Westgate et al. 1972). Preglacial flyvial sedimentation
continued until at least 27,400 B.P.(Westgate et al. 1972).
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The regional proximity of Watino to the landslide site (Figure 3.2) suggests the fluvial
environments of the two sites had simi%x base level, climate and geologic controls.
This assumption is backed by inforriztion from testholes RS 1& 2 drilled behind the
Rycroft Landslide and discussed #x Section 3.6.

34 Glacial Histoiy

The Wisconsinan glacial history of the Interior Plains of western Canada
possibly included several Laurentide glacial advances (Fultan and Prest, 1987). Fenton
(1984) outlined four separate events with the oldest dating to approximately 2 Ma B.P.
In west-central Alberta, Liverman et al. (1989) have shown that only a single Late
Wisconsinan till of Laurentide provenance is widespread throughout the Grande Prairie
- Watino region. Rutter’s (1976,1977a) investigation of the upper Peace River showed
that, of the four Cordilleran ice advances which are thought to be Late Wisconsinan,
none reached the northeast quadrant of the Grande Prairie sheet (83M). Therefore the
glacial history of the Landslide site directly involves only the advance and retreat of the
Late Wisconsinan Laurentide ice sheet.

Rains et al. 1990 interpret 2 minimum of 800 m of Laurentide ice over the
Dunvegan area. As the Laurentide ice advanced up the regional gradient in a general
southwest direction pro-glacial lakes formed at its margin. It is likely that due to the
bedrock being easily deformed that the ice sheet in this area had a low gradient (Fisher
et al. 1985) and was susceptible to topographic influence.

Evidence of lacustrine sedimentation in the pro-glacial lakes is provided in the
Watino section introduced in Section 3.3. At the top of the section underlying till were
3 to 5.5 meters of clay (W-7) containing clasts derived from the Canadian Shield,
indicating Laurentide provenance. The grainsize, mineralogy and stratigraphic position
of the W-7 unit suggested that the sediment was deposited in a pro-glacial lake
developed during the advance of the Late Wisconsinan Laurentide ice sheet (Liverman
et al, 1989).

A deposit of clay, similar in grainsize, composition, character and stratigraphic
position to the W-7 clay is observed at the Rycroft Landslide as discussed in Section
3.6. This clay has significant relevance as it is inferred to contain the rupture surface of
the Rycroft Landslide (Section 7.2).
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It is suggested that the Laurentide ice, coming from the northeast flowed up the
Shaftesbury Channel causing a blockage in the regional drainage and the formation of
pro-glacial lakes in the elongated topographic lows of the preglacial valleys. Significant
thicknesses of highly plastic lacustrine clay like the W-7 unit were deposited in these
lakes. Although there was a mixture of Cordilleran and Laurentide sediments, it is
inferred that the main sediment load of these lakes came from the active ice margin
from which the pro-glacial lake carried away material entrained by the glacier. The
high plasticity of the clay reflects the source of the material which in northwestern and
western Alberta includes soft, clay-rich marine shales of the Dunvegan Formation and
Smoky Group.

As the Late Wisconsinan Laurentide ice advanced over the area, the ice flow
was directed into the topographic low of the Shaftesbury channel as proposed by
Mathews (1980) who also suggested that this strong topographic control indicated that
the ice sheet was thin, perhaps in the order of 600 m, and the surface slope was low.
The advancing ice sheet easily eroded and deformed the weak pro-glacial lake clays in
the preglacial valleys and possibly produced tiic numerous normal and reverse, highly
slickensided shears observed in the remaining clay at both the Watino and Rycroft Slide
sites. These shears could also be the result of Holocene mass-movement deformation.
Figure 3.4 is a photo of the preglacial lake clay near the tip of the Rycroft . sidslide
showing the numerous shears as well as the rhythmited nature of the clay. Tk stears
are laterally spaced at 5 to 20 cm intervals characterized by small offsets of 0.1 i0 5 cm
and dips from 40° to 60°. The rhythmites vary from non-existent to 0.5 mm thick and
are discontinuously marked by silt laminae.

The till deposited by the Late Wisconsinan ice sheet in the buried channels is
characterized by a low stone count and clay rich matrix. The major buried channels
such as the Shaftesbury and Bezanson (Figure 3.1) contain deposits of clayey till which
reach thicknesses of 120 m (Carlson and Hackbarth, 1974). Liverman (1989) identified
the till sheet by its lithology, a mostly unstratified diamicton containing all grain sizes
from boulders to clay, and also by its geometry, a tabular sheet wigh litde lateral
variability. The clasts contained in the till include igneous and high grade metamorphic
rocks from the Canadian Shield, quartzites from either the Athabasca quartzite on the
margins of the Canadian Shield or Cordilleran quartzites, carbonates from dolomite and
limestone exposed throughout the Cordillera or from the Devonian limestones found at
the margin of the Canadian Shield and finally local clasts such as poorly consolidated
claystone, siltstone and sandstone, concretionary ironstone, and coal derived from the
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local bedrock. The matrix of the till, classed as sand sizes and smaller, was well graded
with a high clay size content of



Figure 3.4  Preglacial lake clay exposure in the displaced mass near the tip of the
landslide.
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between 20 and 56 %. The main clay mineral was primarily illite with minor amounts
of montmorillonite.

As the Laurentide ice retreated, pro-glacial lakes again formed in the
topographic lows. The thickest deposits of glaciolacustrine silt and clay are found along
the preglacial valleys including the Shaftesbury channel and the channel beneath the
Saddle River. At the Rycroft Landslide, the glaciolacustrine deposits are 20 to 25 m

thick. White et al. (1985) estimate deglaciation to have taken place over the Saddle
Hills about 12,000 B.P..

3.5 Post Glacial History

Liverman (1989) suggested that after drainage of the glacial lakes in the area,
entrenchment of major streams and rivers occurred early with series of paired terraces
developed. Erosion of major rivers to their present levels, associated colluviation of
steep slopes in river valleys, and the infilling of d<pressions with clay and organic
sediments has continued to the present day. The development of the post-glacial Saddle
River valley is discussed in detail in Chapter 4.

3.6 Site Stratigraphy

The stratigraphy at the site shown on the simplified log in Figure 3.5 is based
on testholes RS 1 and 2 drilled by Alberta Environment, Hydrogeology’s rotary drill
rig in July, 1991 behind the crest of the landslide (Figure 2.4) and from correlating
observations within the landslide and in the river valley. A detailed combined log of RS
1 and 2 is contained in Appendix A. Invaluable in the assessment of the stratigraphy
were the down-hole geophysical logs completed by Alberta Environment Hydrogeology
Division (Appendix B) in testhole RS 1. Correlating the characteristic signature on
these logs with the test borings provides a complete picture of the stratigraphy. The
stratigraphy is described in the order of deposition, from the bottom up and is divided
into buried channel deposits, preglacial lake clay and glacial units.
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The preglacial buried channel deposits are a fining upward sequence contained
by bedrock at the base and preglacial lake clay at the top. Although thicker, the buried
channel succession described here is similar to the Middle and Late Wisconsinan
section at Watino discussed in Section 3.3.The bedrock, inferred to be shale and
siltstone of the Upper Cretaceous Smoky Group, is at a depth of 184 m below prairie
level or 80 m below river level. Above the bedrock is a 10 metre layer of interlayered
sand and gravel indicative of a high energy stream. Above this is a 53 metre thick,
fining-upward, sequence of interbedded sand, silt and clay which has been interpreted
as a moderate- to low- energy braided stream system flowing to the north down the
preglacial channel (Liverman et al. 1989). These deposits are consistent with the
preglacial fluvial environment expected in a preglacial channel.

A weak preglacial lake clay is identified between depths 117 and 100 m in
testhole RS 1 overlying the buried channel deposits described above. The term
"preglacial” is used here because the deposition of the clay is believed to predate the
Late Wisconsinan ice advance which is the only Laurentide Ice advance that reached
the site (Liverman et al. 1989). The term is not to imply that deposition predated the
Laurentide Glaciation of the Interior Plains. As discussed in Section 3.4, the preglacial
lake clay was deposited in a pro-glacial lake ponded against the advancing Late
Wisconsinan Laurentide ice in the preglacial valley beneath the Saddle River. The clay
is highly plastic, stiff, rhythmited and fissured containing slickensides in both outcrop
and core. The macro-structure is as described in Section 3.4 in comparison with the
W-7 clay of the Watino section (Liverman et al. 1989). Five metres below the top of
this layer are two 0.3 m thick silt layers about 1.5 m apart. The same two marker beds
are observed, at the same elevation, in a relatively undisturbed outcrop of the preglacial
Inke clay in the valley wall downstream of the toe of the landslide (TP 1 on Figure 2.4,
Figure 5.7) indicating the preglacial lake clays are laterally continuous and flat-lying in
the locality of the landslide.

The glacial deposits, left by the Late Wisconsinan ice advance and retreat over
the site, are till and glacial lake deposits. Above the preglacial lake clay is 80 m of
medium to highly plastic, till common to the buried channel fills of the Peace River
area (Cruden et al. 1990). In the dried, weathered zone, the till is characterized by
vertical joints spaced from 0.3 to 2.0 m. The depth of the weathered zone varies from
2 to 6 m. The till, below the dried weathered zone, is seen in outcrop in the slide mass
and in samples from testholes RS 1, to be non- stratified and non-fissured. Samples
recovered from testhole RS 1 exhibit an increase in stiffness ranging from firm to stiff
samples taken near the top of the till to very stiff to hard samples taken near the base.
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Slickensided surfaces are seen in till samples recovered in the bottom 10 m of the layer.
There are minor, discontinuous silt and sand layers observed in outcrops of the till.
Above the till to prairie level are 15 to 25 m of medium to high plastic, glacial lake
deposits of clay and silt. The sediments are commonly rhythmited and in the scarp
areas have a low moisture content. The glacial lake deposits are seen in outcrop to be
non-homogeneous and non-fissured with variation in character due to layering and
convolution of bedding. Collapse structures and convoluted bedding within the glacial
lake sediments resulted from differential consolidation in combination with melting out
of remnant glacial ice.

3.7 Summary

A study of the sedimentary environments in the preglacial river valley beneath
the Saddle River leads to an interpretation of the geologic setting at the Rycroft
Landslide. The Rycroft Landslide is located in a widened portion ©of a preglacial river
Valley close to where it joins the Shaftesbury buried valley beneath the present Saddle
River. The stratigraphy at the site is typical of what is expected in the preglacial
channel environment of the Peace River area where Laurentide ice sheets advanced up
the regional gradient. A section of buried channel deposits at Watino studied by
Liverman et al.(1989), similar in character to the lower stratigraphy at the Rycroft
Landslide site, is used to interpret the preglacial history. The Middle Wisconsinan
preglacial fluvial environment at the site resulted in a 63 metre unit of sand and gravel
at the base: fimimg upward to layered silt and clay near the top. The advance of the
glaciers in the Late Wisconsinan blocked the regional drainage resulting in deposition
of rhythmited preglacial lake clay in lakes contained in the preglacial river valleys. A
similarity is drawn between the W-7 clay unit at Watino and the 17 metre preglacial
lake clay at the Rycroft Landslide. Late Wisconsinan ice advanced over the recently
deposited preglacial lake clay removing some and possibly consolidating and shearing
the remainder. The Late Wisconsinan ice sheet deposited an 80 metre unit of till. The
retreating glaciers caused pro-glacial lakes to form resulting in deposition of 15 to 25 m
of glacial iake deposits, completing the stratigraphy at the Rycroft Landslide.

Having established the geologic setting of the landslide this study can now turn
to the interactive processes involved in the post-glacial downcutting of the Saddle River
and the relation between these processes and the large-magnitude landslides like the
Rycroft Landslide.
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Carrrm 4: SADDLE RIVER HYDROLOGY

4.1 Introduction

The hydrology of the Saddle River is significant as it represents the main
driving force behind the degradation processes of the river. The occurrence of the
Rycroft Landslide, four to five days after an unusually intense rainfall, cannot be
dismissed as a coincidence and a study of the Rycroft Landslide is not complete without
a review of the river hydrology. This chapter covers a summary of available
hydrometric data for the river including the details of the 11 June, 1990, flood and a
back-calculation of the time of blockage.

4.2 Saddle River Flood Frequency

A flood frequency analysis for the Saddle River, conducted by the Hydrology
Branch of Alberta Environment after the occurrence of the Rycroft Landslide, was used
to assess the safety of the natural dam at the site. The report summarizing this analysis
is contained in Appendix C. Hydrometric data for the river since 1967 are available
from a station near Woking, approximately 25 km upstream of the landslide site.
Figure 4.1 was produced from the hydrometric data accounting for the additional
catchment between the gauge at Woking and the Rycroft Landslide. Figure 4.1
illustrates the highly variable and infrequent flood flows of the river. For the majority
of the year there is no flow in the Saddle River.

4.3 June 1990 Rainstorm Event

On 11 and 12 June, 1990 a rainstorm of unusual intensity occurred in the Saddle
River catchment area. Rainfall records from the three nearest stations recorded 160, 77
and 165 mm of precipitation during this period (McClung,1990).



Figure 4.1 Maximum annual discharges for the Saddle River near the
Rycroft Landslide. Hydrometric data for the Saddle River near
Woking are scaled up to account for the additional catchment
area between the gauge and the landslide.

31



32

The rainfall resulted in a maximum flow in the Saddle River at the Woking
gauge of 432 m?/sec. from 2300 to 2400 hours on 11 June, 1990 (Figure 4.1). The
flow at the landslide is estimated at 667 m*/sec. obtained by scaling up to account for
the additional catchment between the Woking gauge site and the landslide. Thisisa 1
in 50 year event and produced a 12 day flood volume of some 55 Mm® (Appendix C).

In October, 1990, some depth and width measurements were made by Alberta
Environment of the lake created by the landslide dam which enabled the impounded
velume of water to be roughly estimated at 4 Mme. Using the river flows, back
calculations indicate that the blockage of the river occurred within a day or so of 17
June, 1990, 4 or 5 days after the peak flood. The volume estimate also indicates that

approximately 50 Mm® of the flood volume had flowed past the landslide site prior to
the blockage.

44 Summary

The flood flows of the Saddle River are variable and infrequent. The high
intensity rainstorm in the Saddle River catchment on 11 June, 1990, produced flows in
the river at the landslide of 667 m*/sec. From the hydrometric data the time of
blockage is calculated to be within a day or so of 17 June, 1990, and approximately 50
Mm* of the flood volume had flowed past the site prior to the blockage.

The hydrology of the Saddle River is the driving force behind the degradation of
the post-glacial Saddle River of which the Rycroft Landslide is a single event. In the
following chapter, the interactive degradation processes of the Saddle River are studied.
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Cunrrex 5: SADDLE RIVER MORPHOLOGY AND PHYSIOGRAPFY

5.1 Introduction

The post-glacial entrenchment of the present day Saddle River is an interactive
process of degradation involving the downcutting of the river and the development of
the valley slopes. To better understand how the occurrence of the Rycroft Landslide
Dam is involved in the entrenchment of the Saddle River this chapter investigates the
interactive processes occurring in the Saddle River. This includes a discussion of the
river profile, the slope physiography and the overtopping of landslide dams in the
Saddle River.

5.2 River Profile

The site of the landslide dam on the Saddle River is approximately 30 km
upstream of the confluence of the Saddle and Peace Rivers. The general channel pattern
is irregular with entrenched meanders controlled by landslides on the valley sides.
There are no significant paired terraces on the valley walls indicating the river has been
actively downcutting without interruption since its re-entrenchment after deglaciation.

The longitudinal profile of the Saddle River is illustrated in Figure 5.1. The
river and prairie level profiles were taken from Alberta Forestry 1:20,000 provincial
base maps compiled from aerial photographs taken in 1981(Alberta Forestry,1985).
The bedrock profile was taken from the revised bedrock topography of the Saddle
River shown in Figure 3.3. As shown in Figure 5.1, the upper length of the Saddle
River flows above a buried tributary channel of the buried Shaftesbury channel. The
lower length cuts across *he Shaftesbury channel before joining the Peace River. The
stratigraphic section on Figure 5.1 is interpreted from the stratigraphy determined at the
site and assumptions about the preglacial fluvial history discussed in Section 3.3.

The outstanding characteristic of the profile is its convex-up shape which
implies the river is above its equilibrium level and actively downcutting. This convex-
up shape of tributary rivers/creeks of large rivers in Alberta is very common (Rains and
Welch, 1988). The Saddle river was apparently left behind by the rapid post-glacial
downcutting of the Peace River leaving the convex shape of the river profile.
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Liverman (1989) stated that entrenchment of the major streams and rivers such as the

Peace and Smoky rivers in the Grande Prairie map sheet area occurred early in the
post-glacial history reaching close to their modern gradients and levels approximately
7,000 years B.P.

On the stesper downstream reach of the river the channel maintains a continuous
bed armour, in pools and riffles, of medium to coarse gravels (Figure 5.2). In this
reach the coarse clasts have been locally derived from erosion of the Laurentide till. It
is suspected, but not investigated, that the coarse clasts are absent in the upstream
shallower reach of the river where the source till is locally absent.

53 Slope Physiography

Slope physiography is the study of the genesis and evolution of slopes. In this
identify recognizable trends that can be associated with the R;«1:: Landslide.

A significant observation from Figure 5.1 is that the jué2ig: uiurred at the
PO whime ke river syarted exposing the preglacial lake clay. A simisar observation is
wmade it ' 7iver -:dley on a relatively undisturbed outcrop downstream of the toe of
the slide (TP 1, Figure 2.4) where the unconformable contact between the till and
preglacial lake clay is approximately two metres above the existing riverbed.

There is evidence that rapid erosion of the riverbed at the toe of the slide
immediately preceded the landslide movement. Comparison of the riverbed elevations,
shown in Figure 5.1 compiled from 1981 aerial photographs (Albesta Forestry,1985),
with the land survey completed as part of this research in July, 1991, indicates the river
bed incised between 1 and 2 metres in the past 10 years. Based on the significant recent
erosion observed in the riverbed and from the flood flow records from this river in the
past ten years (Section 4.2), it is assumed that most of the downcutting occurred during
the flood flow brought on by the 1 in 50 year storm event that occurred on June 11,
1990. This was five times larger then any other storm event in this time period. It is
interpreted that the slide movement was initiated in comjunction with the river rapidly
eroding through the last remnants of till and into the preglacial lake clay.

The preglacial lake clay is a significant unit in the stratigraphy because it
represents a weaker layer overlain by a thick layer (100 m) of stiffer glacial deposits, a
condition often associated with lateral spreads where the movement may involve



Figure 5.2

Typical downstream view of bed armour on river bed, downstream of
the landslide.
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fracturing and ext asion of coherent material owing to plastic flow of underlying weak
material (Varnes, 1978). It is hypothesized that the main factor controlling the
occurrence of deep-seated, large landslides like the Rycroft Landslide is the location of
contact between the river level and the top of the preglacial lake clay, that this marks a
transition between a stable slope angle governed by the shear strength of the till to one
governed by the lower shear strength of the preglacial lake clay.

To investigate this hypothesis, slope angles for slopes on the Saddle River
upstream and downstream of the landslide are measured from the 1:20,000 provincial
base maps (Alberta Forestry,1985) and shown on Figure 5.3. Although the plot has
considerable scatter, there is a reduction in the average slope angle from 13° to 10
downstream of the landslide . Further downstream, below the confluence with the
Spirit River, the average slope angle drops to 8°. The middle portion on Figure 5.3
downstream of the landslide, which averages 10°, may represeat a transition zone
betwecn the apparently stable upstream slopes of 13° and stable downstream slopes of
8.

In the transition zone, slopes have presumably moved out on a rupture surface
formed in the preglacial lake clay, but due to the buttressing effect as the toe was
pushed into the opposite bank and the time-dependent removal of the colluvium at the
toe by river erosion, there is a delay in obtaining the ultimate 8" slope angle.

To illustrate this point further, Figure 5.4 is a photograph looking downstream
from the landslide showing the river valley apparently squeezing in on the river bed in
the transition zone described above. Investigation in the river bed along this length
indicates steep sub-vertical river banks (Figure 5.4) and numerous backdipping clay
layers pushed up through the riverbed (Figure 5.5) . The uplifted riverbed has resulted
in a distorted channel pattern with numerous pot holes in the riverbed.

Downstream of the confluence with the Spirit River (Figure 5.6), the average
slope angle of 8" is relatively consistent (Figure 5.3) and the slopes appear stable. The
river banks are no longer sub-vertical and back dipping clay layers in the riverbed are
not seen (Figure 5.5). It is suggested that because the additional flow from the Spirit
River resulted in earlier removal of the colluvium from the riverbed and because the
river has finished cutting through the weak clay layers, the slopes and riverbed along
this length have had time to reach their equilibrium level determined generally by the
available shear strength of the preglacial lake clay.
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Figure 5.4  Oblique aerial photograph downstream of landslide.
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LEGEND

Dip/dip direction of
Preglacial Loke Clays

River deposits with
rhythmited post-—glacial
silts.

Figure 5.5  Plan of Saddle River downstream of landslide showing location of
dipping clay beds in river bed and identified river terraces.
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Figure 5.6

Oblique aerial photograph downstream of confluence of the Spirit River.
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54 Overtopping of the Landslide Dams

Evidence of previous blockages in the Saddle River is used in conjunction with
observations of the current blockage to estimate the behavior of the Rycroft Landslide
Dam. Evidence of earlier blockages of the Saddle River is provided in a number of
post-glacial deposits cut through by the current river channel observed downstream of
the landslide (Figure 5.5). Figure 5.7 is a sketch of a cut bank where these deposits are
exposed. The exposure shows a cross-section of a post-glacial buried channel
containing rhythmited silt layers, indicators of ponded water deposition. This particular
cut bank is at the location of TP 1 shown in Figure 2.4 and indicates three beds of
rhythmited silt. Because the Saddle River has been actively downcutting since
deglaciation, the only process that would result in the formation of this sequence of
deposits is the blockage in the river valley resulting from landslides.

The highest number of rhythmites counted in one unit was 30. The formation of
a single rhythmite is associated with a rainstorm or snowmelt event which for this river
is infrequent and highly variable (Section 4.2) and therefore the rhythmites are only an
order of magnitude indicator of the duration of previous blockages. These terraces
indicate that previous similar landslides had blocked the river in the past but without
producing any enduring lakes.

The current landslide dam is approximately 24 m above the original river bed at
the spillway crest and has a length along the river bed of about 800 m. The material
which forms the dam consists mostly of till, preglacial lake clay and coarse granular
material of the pre-slide river bed. Overtopping began with runoff from the annual
snow melt in 1991. On April 11, 1991, flows of about 2 m3/sec. eroded a new channel
into the displaced mass where the landslide debris meets the opposite bank of the river.
By the end of April, severe erosion was occurring at the downstream end of the
displaced mass where a 50 metre long chute sloping at approximately 18° had
developed. Upstream of the chute, a pond 40 m wide and 200 m long had formed and a
smaller chute above it accounted for a further 5 m rise to the spillway crest and main
reservoir. The upper chute is armored with uplifted coarse granular river bed deposits
(Figure 2.4). Overtopping of the landslide toe continued intermittently through the
remainder of 1991 with an approximate overall drop in the spillway crest elevation of
about 1.5 metres.
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The displaced blocks that make up the dam appear relatively intact with no open
cracks observed between them. This is not surprising assuming the toe of the slide mass
was compressed against the right bank by the slide movement. The dam is hence
capable of providing some resistance to erosion as overtopping occurs. The length of
the dam along the thalweg, some 800 m, the lack of any seepage through the dam and
the small amount of erosion observed in the first season suggest that a sudden, total
breach of the dam is unlikely. It is anticipated that, over a period of years, the river
will erode through the toe mass to its original level. The erosion rate, and the time to
regain the pre-slide profile will depend on the magnitude of the variable and infrequent
flood flows of the river.

If, by some chance, the level of the impounded lake is lowered sufficiently
rapidly, drawdown failures are likely to occur on both sides of the reservoir. These, in
turn, may generate slides involving the entire valley wall. Such slides could result in a
significant displacement of water causing a surge of flow over whatever is left of the
dam.

5.5 Summary

The Saddle River profile is convex shaped due to being left behind by the rapid
entrenchment of the post-glacial Peace River and the erosion resistance in the till. The
Rycroft Landslide Dam occurred at a location and time when the river was cutting
through till and into preglacial lake clay. Downstream of the landslide there is a
transition zone where the average slope angle of the valley walls drops from 13° and
8. Field evidence supports the hypothesis that this zone marks a transition from a
stable slope angle governed by the available shear strength in the till to a stable slope
governed by the lower available shear strength in the preglacial lake clay. Evidence in
post-glacial deposits downstream of the Rycroft Landslide suggests that previous
landslides had blocked the river in the past but without forming any enduring lakes.
The current landslide dam is reasonably competent and a sudden, total breach is
unlikely. If the drawdown in the reservoir is sufficiently rapid then slope movements in
the sides of the reservoir may by induced.



Carrrez 6: LABORATORY TESTING

6.1 Introduction

The objective of the testing program is to establish the characteristic physical
parameters of the soils which are fundamental to an understanding of the conditions
which led to the Rycroft Landslide. The three geological units, involved in the
landslide, are the glacial lake deposits, the till and the preglacial lake clay. This chapter
covers a presentation and discussion of the classification tests and material properties of
these geological units. Classification tests are conducted on soils from all three units
while tests are conducted to obtain material properties of the two main units principally
involved in the slide movement, that is, the till and preglacial lake clay.

Samples recovered for testing include disturbed and undisturbed shelby tubes,
and double tube core barrel cores from testholes RS-1 and RS-2 drilled by Alberta
Environment’s mud rotary drill rig behind the crest of the landslide (Figure 2.4) at
depths indicated in the detailed log in Appendix A. In addition, block samples of the
preglacial lake clays were recovered from testpits at the toe of the landslide and at
outcrops downstream of the toe (Figure 2.4). All tests were conducted at Alberta
Environment, Development and Operations Division’s geotechnical laboratories under
the supervision of Larry Kolody, in accordance with ASTM standards generally
following methods outlined by Lambe (1951).

6.2 Classification Tests

Classification tests including Atterberg Limits, natural moisture content, grain
size analysis and bulk density were completed on the three units. Results of natural
moisture content and Atterberg limits versus depth are illustrated in Apper:six A and a
summary of classification tests is given in Table 6.1. The glacial lake deposits are
usually classed as inorganic clay of high plasticity (CH) but vary from medium-plastic
silty clay to highly plastic clay (Figure 6.1). The till is usually classed as a well graded
medium plastic silty clay (CI) but ranges from medium to high plasticity (Figure 6.1)
with an increase in plasticity and clay content in the lower 30 m. Classification tests on
block and core samples of preglacial lake clay indicate the material is consistently a
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TABLE 6.1 Summary of classification test results, Rycroft Landslide Dam

SOIL
Property Glacial Till Preglacial
Lake Clay
0-20m 20 - 100m 100- 117m
n=5 n=10 n=12
Natural Water Content (%) 37 7 31
{31-60) {18-40} {24-39)
Liquid Limit (%) 56 45 73
{39-66) {36-59} {59-7¢}
Plastic Limit (%) 22 18 25
{20-23} {14-21) {22-29}
Plasticity Index (%) 34 28 43
{19-44) {22-38) {44-52)
% sand sizes - 12 1
{3-21) -2}
% silt sizes 45 51 32
{32:67) {45-57) {26-40}
% clay sizes 65 37 68
{32-68} {30-45) 59-74)
Activity 0.62 0.64 0.72
{.61-65} {.5-.73} {.65-.88}
Bulk density (Kg/m*3) 1918 2079 1943

Average value in heavy print
Range of values in brackets

n=number of samples tested
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highly plastic clay (Figure 6.1) with clay content averaging 68%. The varving in the
preglacial lake clay would suggest there is a gradation in plasticity and clay content
vertically within the rhythmites. This gradation would not be apparent from the
Atterberg Limits and grainsize analysis due to the complete mixing associated with
these tests.

Drawn on Figure 6.1 is the T-line defined by Boulton and Paul (1976). These
researchers discovered that unaltered englacial debris or lodgement till plotted on the
plasticity chart on a line parallel to the A- line. These soils varied along this line
according to clay content. The grain-size changes which commonly occurred in flow
tills due to sorting processes, and the mixing of lodgement tills with other subjacent
sediments due to subglacial deformation moved points away from the T-line (Boulton
and Paul, 1976). The proximity of the till from the Rycroft Landslide site to the T-line
indicates it can be characterized as englacial debris or undisturbed lodgement till with
little to no disturbance of its grain-size. Note the deviation of the glaciolacustrine
material and preglacial lake ciay from the T- line which is consistent with the sorting
processes these materials have undergone.

The activities of the three soils range from 0.5 to 0.9 indicative of an illite-rich
clay (Skempton,1953). It is possible, however, that thin, montmorillonite-rich layers
may be present in the rhythmited preglacial clays, partially controlling the unusually
low peak and residual shear strengths measured parallel to the rhythmites as discussed
in Section 6.3. No tests were completed to confirm this suspicion.

6.3 Material Properties of the Till

From observations in outcrops, below the weathered zone, and in core, the till
lacked 2 recognizable macro-structure or layering and it is assumed the till is strength
isotrs;x«. Observations of the displaced mass indicate that the shears that formed in the
till were firit-time slicars through intact /i and it is therefore assumed the dominant
mobilized shear strength ws i {ifl is its peak shear strength. On this basis the principal
goal of the testing program oz the till is to deterwine the effective peak shear strength
parameters.
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The primary tests conducted were consolidated undrained (CU) triaxial
compression tests on shelby tube samples recovered from testhole RS-1. One direct
shear test was conducted to corroborate the results and determine an estimate of the
residual shear strength for the till for use in the post-slide analysis. Samples tested are
from depths ranging from 50 to 100 m. The results are presented in Standard and
Modified Mohr diagrams in Figure 6.2. Strain rates were maintained at 2 maxinmm 1
x 10° m/min. in an attempt to allow dissipation of localized pore pressures within the
sample. Stress paths are shown for each of the triaxial tests. Using the resuits of all
tests the best fit line gives ¢°, =15.5 with a cohesion intercept of 45 kPa. Using only
tests conducted at stress ranges greater than their assumed preconsolidation pressure
(P¢>500 to 900 kPa) or, that is, in the normal consolidation range, yields ¢’, =20°
with a zero cohesion intercept. The lone reverse direct shear test conducted o the till
indicates ¢’, =22" assuming a zero cohesion intercept and ¢°, =10". The average
pore pressure parameter A at failure is 0.7 which is consistent with a normally
consolidated fine grained soil (Lamb and Whitman, 1969). Stress paths shown in
Figure 6.2 all have shapes typical of a normally consolidated clay with the possible
exception of one sample which is slightly to the right of vertical typical of a lightly
overconsolidated clay (Lamb and Whitman, 1969). Which of the above effective
strength parameters appropriate for the stability analysis is discussed in Section 7.4.

6.4 Material Properties of the Preglacial Lake Clay

Primarily because of the rhythmited nature of the preglacial lake clay, its
effective shear strength, both peak and residual, is assumed to be anisotropic. This is
based on the premise that horizontal shear bands preferentially form through the
weaker, high clay content portion of the rhythmite. Shear bands that form vertically
result in a mixing of the clay content across the rhythmite resulting in a slightly lower
clay content and higher strength in the shear band. In the preglacial lake clay both the
residual and peak effective shear strengths are important in the analysis because a
portion of the rupture surface in the preglacial lake ciay is pre-existing. Along the pre-
existing surface the residual streagth is assumed to be mobilized while back of this the
peak strength is assumed.

Strength tests on the preglacial lake clay were performed on intact block
samples taken from test pits TP 2 and TP 3 (Figure 2.4) and from double tube core
barrel samples taken from testholes RS-1 and RS-2, Tests include consolidation tests in
the cedometer, reverse direction direct shear tests both parallel and perpendicular to



52
bedding to determine peak and residual effective shear strength parameters and one
consolidated, undrained triaxial compression test to confirm peak effective shear
strength and obtain an estimate of the pore pressure parameters. A Mohr envelope plot
for the preglacial lake clay is presented in Figure 6.3. Consolidation tests conducted
on samples taken from testpit #2 (Figure 2.4) in the toe of the landslide, and from RS-
1, resulted in maximum preconsolidation pressures of 300 kPa at the toe and 900 kPa at
a depth of 105 m in RS-1. The soil exhibits anisotropic slreqth with pwk effective
angles of 14.3° and 20.1° and residual effective angles of 6.7 and 9.3° parallel
(horizontal) and perpendicular (vertical) to the rhythmites respectively. There are no
cohesion intercepts from these results suggesting that the samples tested are in their
fully softened state and are behaving normally consolidated (Yoshida et al.1990). Strain
rates of 1x 10¢ m/min. for peak strength and 5 x 104 m/min. for residual strength
were used in the direct shear tests. The lone CU triaxial test conducted on the
pteglaclallakeclaylsonacoresampletakenfromRS-Zatadepthof105 m (Figure
6.4). Assuming a zero cohesion intercept this test yields ¢°,=19.4" consistent with the
peak effective strength perpendicular to bedding obtained from the direct shear tests.
Measurements from the CU triaxial test indicated a pore pressure parameter A at failure
of 0.75, and a stress path shown in Figure 6.4 which is left of vertical. These results
are consistent with a normally consolidated clay (Lamb and Whitman, 1969).

6.5 Summary

The glacial lake deposits are usually classed as inorganic clay of high plasticity
(CH) but vary from medium-plastic, silty clay to highly plastic clay. The till matrix is
usually classed as a well graded, medium plastic, silty clay (CI) but ranges from
medium to high plasticity. The preglacial lake clay is consistently a high plastic clay
with clay content averaging 68%. The proximity of the till to the T-line on a plasticity
chart indicates it can be characterized as englacial debris or undisturbed lodgement till
with little to ns disturbance of its grain-size. The activities of the soils of the three units
range from 0.5 to 0.9 indicative of an illite rich clay.

The till assumed to be strength isotropic has ¢’, =15.5 with a cohesion intercept
of 45 kPa, ¢’, =10" and behaves normally consolidated.

Consolidation tests on the preglacial lake clay indicate it behaves like a normally
consolidated clay. The preglacml lake clay exhibits anisotropic strength with ¢’,=14.3°
and 20.1° and ¢’,=6.7" and 9.3° parallel and perpendicular to the rhythmites
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-respectively. No cohesion suggests the samples tested are in their fully softened state
and are behaving normally consolidated.
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Currrer 7: STABILITY ANALYSIS

7.1 Introduction

This chapter studies the mechanics of the Rycroft Landslide using limit
equilibrium analyses of the reconstructed pre-slide slope and the: post-slide displaced
mass. It is the aim of the chapter to conduct a back analysis of the stability of the pre-
slide slope, to establish the difference in factor of safety between the two- and three-
dimensional cases, to evaluate the relative effect that ~ugnges to the influencing
conditions have on the pre-slide stability and to assess the stability of the post-slide
slope both before and after the removal of the dam by erosion. To accomplish the
analyses of the pre-slide and post-slide slopes requires a reasonably accurate
reconstruction of the conditions which existed just prior to the reactivation and
retrogression of the landslide and a conservative estimate of the conditions that exist or
will exist after the movement. These conditions include the geometry of the slope and
rupture surface, the mechanism of the landslide, the available soil strengths and the
pore pressure distribution. Each condition is treated separately in Sections 7.2 to 7.5
and used in the following analytical sections. All limit equilibrium stability analyses
are conducted uvsing the software package CLARA (Hungr, 1988) which has the added
capability of calculating three-dimensional stability. The back analysis of the pre-slide
slope discussed in Section 7.6 is primarily a check on assumptions msde in the
reconstruction of the slope. Confidence gained from the back analysis may be useful in
furthering understanding, prediction and contrei of slope instability in the region. The
geometry of this landslide suggests there is a three-dimensional influence on the
stability of the pre-slide slope so a comparaive analysis to determine the order of
magnitude of the influence that three-dimensionai effects have on the factor of safety is
presented in Section 7.7. In Section 7.8 a sensitivity analysis is presented to
demonstrate the effect that variation in any of these corvfitions had on the stability and
is used to assess the most likely change in conditions which led to the Rycroft
Landslide. A stability analysis of the post-slide displaced mass presented in Section 7.9
is useful in assessing the potential for further movements of the disturbed mass,
particularly when the toe material is removed by the inevitable erosion of the dam.

At the onset of this chapter it should be noted that there are a number of
assumptions inherent in the choice of phreatic and rupture surfaces and variations



57
contained in the soil parameters. It is, therefore, not possible, and it is not the intend in
this study, to accurately model the conditions of the slope and obtain specific values. It
is possible, and is the intend of this study, to test assumptions regarding the phreatic
and rupture surfaces and evaluate methods of estimating sofl parameters and obtain
information from investigation of trends. All values quoted in this chapter are to be
considered relative.

7.2 Geometry

The first step in the back analysis is to use the geometry to reconstruct a model
of the pre-slide slope and rupture surface. Sources of information used in the
reconstruction are airphoto mapping of the site before and after the landslide, 1:20, 000
Provincial base maps of the site based on aerial photography flown in 1981(Alberta
Forestry,1985), post-slide field mapping of the landslide, a post-slide EDM land survey
and testholes RS land RS 2.

In plan the Rycroft Landslide (Figure 7.1) extends for a considerable distance
along the slope perpendicular to the direction of movement, suggesting that much of the
rupture surface may approach the shape of a sector of an elliptical cylinder
(Varnes,1978). Transversely, the landslide is truncated by sub-vertical and parallel
lateral margins.

In the head area the back-dipping blocks (0 to 20°) and steep scarps suggest the
movement here is more or less rotational on a rupture surface cutting through the
glacial lake deposits and the till.

The lack of rotation in the main body of the slide mass, as described in Section
2.3, suggests the movement here was translational on a planar or gently undulating
rupture surface. This is supported by assaming that the rupture surface is contained in
the weaker, flat lying preglacial lake ciay laver.

The distortion at the toe, which includes uplift, thrusting and rotation, suggests
this area is a pressure ridge forced upwards as the slide mass encountered the right
bank of the river.

The main scarp B and a minor scarp A extending across the head of the slide
(Figure 7.1), are used to introduce the hypothesis that the initial rupture surface formed
at A and then retrogressed to form the main scarp at B.
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The line A-A’ on Figure 7.1was initially assigned perpendicular to the new
scarp features at an azimuth from true north of 147" in the centre of the landslide so
that it would parallel the direction of movement of the landslide. This was confirmed in
the field when the trend of the striations, which are lineation features on shear planes,
measured along A-A’ were within + 5 ° of A-A’.
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The section along A-A’ was chosen as the key section for the analysis because
of the approximate symmetry on either side of this line and because it is the section
furthest away from the shear resistance along the flanks. Figure 7.2 illustrates the
reconstruction of the slope and rupture surface accomplished by first breaking up the
surveyed, post-slide section A-A’ into a series of wedges (Figure 7.2 ). Where
available, the field mapped crack orientations are extended downward into the slide
mass. Using AutoCAD, the wedges are then picked up, moved and rotated back to
their assumed original positions. Tree inclinations, bedding dips, tilted cultivated land
and comparisons between post-slide and pre-slide air photos are used to estimate the
proper rotations for the wedges. The original profile for the slope plus the river
location, taken from the 1:20,000 provincial base map (Alberta Forestry, 1985), are
used as an outline to position the wedges.

Where it is necessary to rotate wedges to suit constraints or to match rotation
implied by inclined trees or bedding, the interwedge faults are curved to facilitate the
rotation using the known rotation angle and the relative distance each wedge moved.
For example, this exercise showed that the largest intact wedge, 13, had been rotated
back four degrees by the slide movement. Since the distance this block moved is 85 m,
and the rupture surface is exposed at the toe in the pre-stide river bed, it is possible to
reconstruct the curved rupture surface beneath this block as shown in Figure 7.2. The
rupture surface behind Wedge 13 is extrapolated using the approximate depth where the
main cracks coalesce and is assumed to be contained in the preglacial lake clay. Figure
7.2 (b) illustrates the reconstructed slope profile and rupture surface used in the back
analysis. Note that the pre-existing slips on the pre-slide slope were apparently not
remobilized during the recent movement. This reconstruction, identifies an additional
major scarp with a downward extension labeled as Rupture Surface A on Figure 7.2(b).
This scarp is continuous across the slide (Figure 7. 1) and it may be the first scarp to
have formed when the movement was initiated.
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7.3 Mechanism

The observations discussed in Section 5.3, suggest that the pre-slide slope is in a
transition from a minimum slope angle governed by the available shear strength in the
till to a minimum slope angle governed by the lower available shear strength in the
preglacial lake clay. The pre-existing scarps in the pre-slide slope, which are thought to
extend to the rupture surface in the preglacial lake clay, are indication that the
transition of the slope had already begun. It is assumed that the 1 in 50 year rainstorm,
that occurred on 11 and 12 of June, 1990, set into motion a change of conditions that
crossed over the transition, resulting in the large movement. Geometry changes at the
toe due to lateral or downward erosion or changes in the water pressure distribution due
to the accumulation of water on the pre-stide slope were possible changes that occurred.

There were two likely changes in geometry at the toe of the landslide after the
rainstorm and prior to the movement. The first was the assumed significant bank
erosion on the outside of meanders at the toe of the slide resulting from approximately
50 Mm? of flood volume that flowed past the landslide in the four or five days
preceding the movement. Because of the disturbance at the toe of the landslide by the
slide movement, an estimate of the magnitude of the erosicn at the landslide is not
possible. However, there is significant evidence of severe river bank erosion
downstream of the landslide as described in Section 5.3. The second change in
geometry at the toe prior to the movement was an apparent downcutting of the river
bed of about one to two metres following the 1 im 50 year flood described in Section
5.3. The effect of removing material at the toe of the slide is investigated in the
sensitivity analysis in Section 7.8.

There was ample source of surface water on the pre-slide slope foliowing the 1
in 50 rainstorm event. Because the pre-slide slope was a dormant landslide, it is
possible that open cracks were present in the slide mdss. If these cracks filled with
water, the resulting water forces would increase the driving forces and reduce the
stability of the slope. If the cracks extended to the rupture surface, the increased water
pressure would decrease the effective normal stress on a portion of the rupture surface
reducing the resisting forces which would again reduce the stability. It is possible that
the effects from the erosion at the toe and the accumulated water on the slope were
coupled in the sense that the erosion at the toe caused displacement in the lower slope
which opened pre-existing and new cracks which subsequently filled with water. The
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effect of fluctuating water pressures in the slope is investigated by varying the
equivalent phreatic surface in the sensitivity analysis in Section 7.8.

From the exercise in geometry (Section 7.2) it is evident that the rupture surface
is markedly non-circular and that the movement of the slide mass was mainly
translational on a gently curved basal rupture surface (Figure 7.2). The downward
projections of the two main scarps, A and B in Figure 7.2, are rupture surfaces which
formed at the rear of the slide. The geometry suggests that the rupture surface extended
from a pre-existing rupture surface in the preglacial clays along Rupture Surface A to
form the initial scarp. With the downslope mass movement and support gone, the slide
then retrogressed to Rupture Surface B forming the present main scarp. To evaluate this
hypothesis, the stability of both of these configurations is considered in subsequent
analyses (Figure 7.3). The pre-existing rupture surfaces shown in Figure 7.3 are
assumed from the observed scarps left from earlier failures. Although there was little or
no additional movement observed on these scarps during the latest slide, their locations
are important as they indicate the minimum distance back from the toe that the rupture
surface existed prior to the slide.

With regards to the behavior of the slide mass after initiation it is of some use to
look at the slide mass in terms of lateral earth pressures. It is inferred that the upslope
zone of the slide mass which underwent longitudinal stretching, had earth pressures less
than before the movement started and approached the limiting active (or minimum)
pressure breaking into a number of horsts and grabens with faults at dips of close to
45° + ¢/,. Similarly, the downslope zone of shortening-ground near the toe had earth
pressures higher then before the movement started and approached the limiting passive
(or maximum) pressure and showed significant distortion through thrusting as shears
formed at approximately 45" - 9/,. The middle portion of the slide, between the zones
of stretching and shortening remained near the at-rest state and remained relatively
undeformed (Baum and Fleming,1991).
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7.4 Strength Parameters

Table 7.1 summarizes the soil properties initially used in the stability analysis.
The materials in Table 7.1 are numbered from the bottom up as is the convention in the
stability analysis program. The majority of the slide mass is comprised of till while the
basal rupture surface is contained in the preglacial lake clay (Figure 7.2). The
strengths for the till (material 4) and Preglacial lake clay (material 2 & 3) were taken
directly from the laboratory test results presented in Section 6.3. The strength of the till
is assumed to be isotropic while the shear strength of the preglacial lake clay was
shown to be anisotropic. Properties of the silt and clay (material 1) which underlies the
preglacial lake clay is assumed to have a strength similar to the preglacial lake clay.
This is based on the poorly defined lower contact of the preglacial lake clay and the
similar signatures of the two materials apparent in the geophysical log (Appendix B).
The glacial lake deposits (material 5) were estimated based on their index properties
and physical appearance using an inventory of test results on Alberta soils kept by
Larry Kolody of Alberta Environment. Materials 1 and 5 are assumed to have a minor
influence on the stability of the slope so they were not tested.

All materials except the till are initially assumed to have zero cohesion in the
analysis. For the preglacial clays, using zero cohesion stems directly from the test
results as both peak and residual strength envelopes indicate zero cohesion (Figure
6.2). Several test results discussed in Section 6.3 indicate the preglacial lake clay
behaves like a normally consolidated clay. The effective strength envelope for the tilt
yields a cohesion intercept of 45 kPa and a ¢’,=15.5 which is used initially in the
analysis for the pre-slide slope. This is appropriate because, in the slope model, this
strength parameter is meant to represent soil strengths for a range of effective
overburden pressures from approximately 900 kPa to zero and thus a best fit line
through all tests is a better strength representation for the stress range experienced in
the slope. This assumes that the maximum preconsolidation pressure vertical profile,
which would have occurred prior to the post-glacial incising of the river, was the same
up and down slope. The sensitivi*v analysis (Section 7.8) tests the effect the mobilized
strength of the till has on stability. For the post-slide stability numerous shears are
known to exist within the till and its residual st agth of $’,= 10.5" is used.

In the preglacial lake clay , the maximum mobilized strength along the pre-
existing basal rupture surface is assumed to be its residual strength due to previous
large shear strain movements. At some point beyond the pre-existing slip it is assumed



Table 7.1 Summary of soil properties used in stability analysis

Clay(CH)-Residual

Clay Till

Clay(CH)-Residual

Clay Till -Residual

Glacial Lake Deposits
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the available shear strength increases to the measured peak strength for the clay. The
point of transition is initially set at chainage 350 m which is just behind the last
recognized pre-existing slip as shown in Figure 7.3. Additional factors which might
affect the transition location include ice thrusting, stress release, valley rebound, and
progressive failure. In Section 7.8.5, the effect of moving the transition point back will
be assessed.

7.5 Pore Pressure Distribution

The piezometric data for the site are very limited. The only indicators of the
pre-slide phreatic surface are evidence of seepage and a few sag ponds on the slope.
The water level measured in oper testhole RS-2 in August, 1991, one month after
drilling, was at a depth 12 m below prairie level . At best this is an approximate
indicator of the steady state seepage conditions behind the slope crest. Because of the
low permeability of the clay soils, it is assumed that seasonal fluctuations in the
phreatic surface through the intact soil are insignificant. However, the possibility of
cracks in the pre-existing slope would allow rapid build-up of water pressures in the
lower slope as discussed in Section 7.3 so a near surface phreatic surface is initially
assumed in the lower portion of the slope. The assumed phreatic surface used in the
analysis is shown in Figure 7.3 and the effect of varying the level is assessed in the
sensitivity analysis in Section 7.8.4.

7.6 Pre-slide Stability

The results of the pre-slide slope stability analysis, based on the assumed
conditions developed in the preceding sections, and as shown in Figure 7.3, are
summarized in Table 7.2. Because the rupture surface is non-circular, Morgenstern and
Price (1965) and Spencer’s (1973) methods for a general sliding surface are used to
evaluate both possible rupture surfaces A and B. The analysis implies that movement
occurred on rupture surface A (F=0.86) and that rupture surface B (F=1.16) was
stable prior to disturbance. A discussion of the low value of F on rupture surface A
forms part of Section 7.8. The results support the hypothesis suggested by the geometry
that the movement initiated on rupture surface A which, by removing support to the
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remaining slope, lowered the factor of safety and initiated the retrogression along
rupture surface B forming the final main scarp.

To illustrate the impracticality of applying a slip circle analysis on the given
pre-slide slope conditions, Bishop’s method is used in a search for the critical slip
surface. As shown in Figure 7.3 (c), the critical slip circle obtained, constrained by its
circular shape, is forced to pass more through the stronger till layer than the geometry
observations indicate, resulting in an analysis which yields a non-conservative result
(Table 7.2).

A useful observation of this slope is the way all recent and past scarps extend
steeply through the till and coalesce into the sub-horizontal basal rupture surface in the
preglacial lake clay. By analyzing a range of potential locations for this scarp on the
pre-slide profile using the downward extension of the scarp as the back, steep portion
of the rupture surface, a profile of potential scarp (or tension crack) locations is
generated as shown in Figure 7.4. The method is analogous to using an auto search
technique to determine a critical slip circle. In this case the analysis predicts a critical
scarp location at chainage 175 m which is 46 m ahead of where Rupture Surface A
daylighted. Given the uncertainty involved in the input parameters for the pre-slide
slope, this exercise provides a promising prediction of the initial scarp location. The
results also imply that it was unlikely Rupture Surface B preceded Rupture Surface A
and partially explains why there was no observed reactivation on the pre-existing scarps
downslope. These implications rely on the premise that the profile in Figure 7.4 shifts
vertically without significantly changing shape as conditions which affect the stability
of the slope change.



Table 7.2 Summary of Stability Analysis of the Rycroft Landslide.

nalysi ‘ Configuration
Ground |Rupture] Analysis
# F Remarks
[ ide Stabil , . v
1 Prestlide Profile A" General Surface: See Figure 7.3 (a)
— . & Price 0.86
2 Preslide Profile “A" General Surface:
- — Spencer's 0.86
3 Preslide Profile "B* General Surface: See Figure 7.3 (b)
. & Price 1.16
4 | Preside Profle ]  'B° | General Surface.
Spencer's 1.16
S | Preside Profle | Critical | Auto Search: See Figure 7.3 (c)
s Circle Bishop's 0.96
3-D Anal gls v _
6 3-D Preslide A" (with § General Surface: See Figure 7.5
Surface lateral Bishop's
I margins) 0.90
7 2-D Profile from “A" General Surface: 16% higher F resulting from 3-D
3-D Preslide Bishop's end effects
Surface
0.84
Post-slide Stabil
8 Postslide Profile J“-é%‘ General Surface: See Figure 7.11 (a)
- —_— . & Price 1.72
9 Postslide Profile “8" General Sutface:
- — Spencer's 1.72
10 Postslide Profile] Critical Auto Search:
— — _g_iLcle Bishop's 1.68
11 | Postsiide Profile]  "B" General Surface: See Figure 7.11 (b)
with Toe Morg. & Price
Removed 1.39
12 P Profile 8" General Surface:
with Toe Spencer's
Removed 1.38
13 | Postsiide Profile]  Critical | Auto Search:
with Toe Circle Bishop's
Removed 1.36

Note: Strength parameters used in above analyses are ksted in Table 7.1
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Figure 7.4

Stability analysis of various potential initial scarp locations for the pre-

slide configuration.
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7.7 Three-Dimensional Analysis

The lateral margins of the slide mass, as described in Section 7.2, represent a
transverse change in the resistance to movement which is not accounted for in a two-
dimensional plane strain analysis as presented in Section 7.5. This additional resistance
may partially explain the low factor of safety (F=0.86) obtained for rupture surface A
using the two-dimensional analysis. To evaluate an order of magnitude effect the lateral
margins have on stability of the slope, a simplified three-dimensional configuration is
created as illustrated in Figure 7.5. The pre-slide ground surface used in the model and
not shown in Figure 7.5 is the pre-slide slope profile along section A-A’ extrapolated
across the width of the model. Rupture surface A is also extrapolated laterally from
Section A-A’ to form the three-dimensional rupture surface terminated by the lateral
margins. The lateral margins are downward extensions of the lateral scarps at an
average dip of 60° as measured in the field. The analysis is conducted using the
software package CLARA (Hungr, 1988, 19890) implementing the three-dimensiotial
slope geometry module. The analysis uses Bishop’s method to analyze the general slip
surface shown in Figure 7.5 in both three- and two-dimensions. The results presented
in Table 7.2 show, an order of magnitude, 6% increase in the factor of safety when the
lateral margins are accounted for. When applied to F=0.86, obtained using
Morgenstern and Price (1965) analysis on the two dimensional model for rupture
surface A, the result becomes F=0.91. The upper profile in Figure 7.4 is the resultiof
increasing the factors of safety by 6%to account for the 3-D effect. This value is chser
to the expected result but does not fully explain why the minimum value fer the factor
of safety is lower than unity. The sensitivity analysis in Section 7.8 will investigate
each relevant input parameter éep‘arat\ely to determine the most likely unredlistic
parameter in the analysis.



Figure 7.5

Simplified three—dimensional configuration of the rupture surface
for the 3-D stability analysis.
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7.8 Sensitivity Analysis

The objective of the sensitivity analysis is to test the sensitivity of the factor of
safety obtained from the limit equilibrium stability analysis to changes in key input
parameters to determine why the factor of safety is less than unity, which factors are
most likely part of the initiation of the movement and which factors are part of the
mechanism of the landslide.. Morgenstern and Price’s analysis is used to analyze
rupture surface A on Section A-A’ throughout the exercise. All factors of safety are
scaled up 6% to account for three dimensional effects determined in Section 7.7. The
conditions varied in the sensitivity analysis and discussed in the following sections are
the erosion of material at the toe, the residual shear strength in the preglacial lake clay,
the effective shear strength in the till, the phreatic surface and the location of the
transition from peak to residual strength in the preglacial lake clay.

7.8.1 Erosion of Material at the Toe

The exercise of removing material at the t»: (Figure 7.6) is based on to the
observations of toe erosion both downward and laterally as discussed in Section 7.3 and
the hypothesis that this triggered the movement. There is no effect on the factor of
safety along the existing rupture surface due to downcutting the river bed by as much as
5 m below its original level. Figure 7.6 is the result of removing material lateraily at
the toe. The figure indicates that although there is a minor effect the stability is
relatively unaffected by the removal of material at the toe alone.

The erosion of material at the toe, on its own, has a minimal effect on the
stability of the overall slope. If the pre-slide slope had been weakened such that it was
on the verge of failure (F=1) then the removal of material at the toe may have been
enough to initiate the movement. Another possibility is that the erosion of material at
the toe initiated deformations in the lower slope which caused new and pre-existing
cracks to open in the lower slope. These cracks subsequently filled with water causing a
change in the stress regime of the slope and movement was initiated. In other words,
the erosion at the toe may have been the indirect trigger for the landslide.
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Figure 7.6  Sensitivity analysis: lateral removal of material at the toe.
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7.8.2 The Residual Shear Strength in the Preglacial Lake Clay

The effective strength parameters for the residual strength of the preglacial lake
clay is tested to see if the strength obtained from laboratory tests is representative of the
strength mobilized at the initiation of the movement (Figure 7.7). The results indicate
that ¢,’ has an effect on the factor of safety however the required increase in ¢,’ to
increase the factor of safety from 0.91 to 1.0 is in the order 2" ( 30% increase in
terms of tand,’) is considered to be unlikely for reasons explained below.

Lupini et al.(1981) showed that soils with high clay content and high plasticity
index, like the preglacial lake clay, have a consistent residual strength not significantly
affected by subsequent stress history or strain rate. It is affected by fundamental
changes in mineralogy, particle shape, grading and pore water chemistry. Since there is
little deviation in the index characteristics of the numerous preglacial lake clay samples
tested (Section 6.2), both from block and core samples, it is unlikely that changes in
the latter characteristics occurred affecting the test results. Studies by Hawkins and
Privett (1986) showed that ¢,’, which is dependent on the stress range, reaches a lowest
constant value at stress values greater than 200 kPa (>20 m of overburden) and that
the 60 mm reversing direct shear test used here gives a higher ¢,” than the more
reliable ring shear and 100 mm direct shear box. As a result, a discrepancy in the
residual shear strength of 30% lower, determined from the laboratory tests, than
mobilized in the landslide is unlikely.

7.8.3 Effective Shear Strength in the Till

The shear strength in the till affects the factor of safety in the Morgenstern and
Price (1965) analysis by changing the shear strength available along the rupture surface
and within the slide mass in the till. The ¢’ used in the till has an apparently small
effect on the factor of safety (Figure 7.8). Thomson and Tweedie (1978), in studying
the Edgerton Slide, discovered that the factor of safety was relatively insensitive to
cohesion in the backscarp, a discovery supported by Figure 7.8 which shows the effect
of using or not using cohesion in the strength is small.



Effect of variations in the preglacial lake clay
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Figure 7.7  Sensitivity analysis: preglacial lake clay, horizontal residual shear
strength
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Effect of variations in the clay till effective shear
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Figure 7.8  Sensitivity analysis: till, effective shear strength
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7.84 The Phreatic Surface

Changes in the phreatic surface have a significant effect on the factor of safety
(Figure 7.9). As discussed in Section 7.5, there is considerable uncertainty regarding
the flow regime in the pre-slide slope and the use of a single phreatic surface is an over
simplified model of the flow regime in the pre-stide slope. Given the uncertainty, it is
reasonable to adjust the assumed equivalent phreatic surface down 10 m and obtain a
factor of safety of unity. The sensitivity of the stability to changes in the equivalent
phreatic surface in the slope supports the hypothesis that filling of cracks with water in
the lower slope (Section 7.3) contributed to the trigger for the movement.

7.8.5 Location of the Transition from Peak to Residual Strength in the
Preglacial Lake Clay

Figure 7.10 shows the effect on the factor of safety by moving the transition
between peak and residual strength in the preglacial lake clay, back into the slope.
Chainage 375 m is the downslope limit of the transition because it marks the start of the
pre-existing rupture surface (Figure 7.3) . There is an apparently accelerated reduction
in the factor of safety as the transition point is moved back of the assumed chainage
(Figure 7.10).

The process of the transition point moving back from its original position may
be considered a type of progressive failure made possible by the strain softening
characteristic of the préglacial lake clay and is considered as part of the mechanism for
the movement. It is hypothesized that changes in the stress state in the upper slope,
brought on by stress changes in the lower slope, initiated concentrated shear strains in
the weak preglacial lake clay at the transition point. The shear straiiis caused a drop in
shear strength from the fully softened peak strength to the residual strength in the
preglacial lake clay. This process, once initiated, is self propagating since a reduction
in strength causes a transfer in stress resulting in additional shear strains. As the
transition point moved back, the stability along Rupture Surface A decreased at an
accelerated rate (Figure 7.10) resulting in mobilization of the retrogressive portion of
the landslide. Possible changes in the stress state of the lower slope, which initiated this
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process, include a build-up of water pressures in cracks, creep resuiting from erosion at
the toe or a coupling of the two effects as discussed in Section 7.3.



Effect of moving the location of the transition from peak
to residual strength in the preglacial lake clay
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Figure 7.9  Sensitivity analysis: variation of the phreatic surface
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Figure 7.10  Sensitivity analysis: location of the transition from peak to residual
strength in the preglacial lake clay.
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7.9 Post-slide Stability

Unlike the pre-slide slope the conditions of the post-slide displaced mass are
reasonably well understood. The surface profile was surveyed (Appendix D) and the
rupture surfaces can be extrapolated with relative ease. With numerous cracks acting as
conduits to the rupture surface a worst case scenario of the phreatic surface close to the
ground surface can be assumed. The shear strength available along the rupture surface
and within the slide mass can be assumed to be the residual strength. And finally,
observed separation of the slide mass away from the lateral scarps, significantly reduces
the three-dimensional effect and the slope can be analyzed two-dimensionally.

The strength parameters used in the post-stide analysis are summarized in Table
7.2 and the configuration of the present post-slide slope is illustrated in Figure 7.11(a).
For this configuration, the analysis yields F=1.58 from the critical slip circle analysis
implying the displaced slide mass is considerably more stable after the slide. The effect
of toe unloading caused by the inevitable river erosion of the dam to the original river
level (Figure 7.11 (b)) is evaluated using a similar analysis. This analysis yields a drop
in the factor of safety to F=1.35. This implies the displaced slide mass will continue to
be stable when the river initially re-establishes itself. This does not preclude the
possibility of localized slope movements near the toe of the slide or creep but based on
the size of the intact wedge 13 (Figure 7.2) retrogression of the instability seems
unlikely. Instability will likely reoccur as the river cuts below its original level.

The stability of the displaced mass could be explained by considering
momentum, generated by the slide movement, carried the slide mass past its
equilibrium point. This has two effects on the factor of safety formula. The resisting
forces are increased due to the buttressing of the displaced mass against the right bank
of the river. The driving forces are reduced when the average slope angle dropped from
11”10 5" afler the movement. Both effects result in a rise in the factor of safety above
unity. Removal of the toe material to the original river level (Figure 7.11b) would
reduce the resisting forces by removing some buttressing but the driving forces are still
low because the resulting average slope is still low at 7°. It is felt that as the river cuts
below its origina level the factor of safety of the overall slope will again drop below
unity and the main scarp will retrogress. Eventually the slope will maintain a constant
8° average slope angle, as seen downstream.
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7.10 Summary

An investigation of the mechanics of the Rycroft Landslide involves a stability
analysis of the reconstruction of the pre-slide slope and post-slide displaced mass using
available information about the geometry, the slide mechanism, the strength parameters
and the pore pressure distribution.

The rupture surface of the Rycroft Landslide is considered to approach the
shape of a sector of an elliptical cylinder truncated by sub-vertical and parallel lateral
margins. In the head area the movement is more or less rotational on a rupture surface
cutting through the glacial lake deposits and the till. In the main body the movement is
translational on a planar or gently undulating rupture surface contained in the flat-lying
preglacial lake clay. The toe is a pressure ridge forced upwards as the slide mass
encountered the right bank of the river. The slope and rupture surfaces are
reconstructed along A-A’ using the available information from the pre- and post-slide
slopes.

With regard to the mechanism of the landslide, it is assumed that the 1 in 50
year rainstorm set in motion a change of conditions that crossed over the transition,
discussed in Section 5.3, from a slope angle governed by the available shear strength in
the till to a slope angle governed by the lower available shear strength in the preglacial
lake clay, resulting in mobilization of the large landslide. The changed conditions
include lateral or downward erosion at the toe and increases in the water pressure
distribution due to the accumulation of water on the lower pre-slide slope. A hypothesis
is introduced that the initial rupture surface formed along Rupture Surface A then
retrogressed to form the present main scarp along Rupture Surface B. The way in
which the slide mass behaved after mobilization is explained using lateral earth
pressures in Section 7.3.

For the analysis, the strengths in terms of effective stress of the till and
preglacial lake clay are taken from the laboratory test results. Properties of the silt and
clay (material 1) and glacial lake deposits (material 5) were estimated based on their
index properties and physical appearance. A point of transition is recognized between
the residual and peak strengths of the preglacial lake clay and initially set at chainage
350 m, just behind the last recognized pre-existing rupture surface. The uncertain flow
regime for the slope is modelled assuming an equivalent phreatic surface high in the
lower slope to account for water-filled cracks.
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Once the assumed configuration of the slope, the rupture surface and the
physical conditions is completed, it is analyzed using Morgenstern and Price’s (1965)
and Spencer’s (1967,1973) methods for analysis of a general slip surface in two
dimensions. The analysis yields F=0.86 on Rupture Surface A and F=1.12 on Rupture
Surface B supporting the hypothesis that the movement initiated on Rupture Surface A
then retrogressed along Rupture Surface B to form the final main scarp. This
hypothesis is further supported by a profile generated by testing the stability of a range
of possible initial back scarp locations. The profile indicates that the scarp formed by
Rupture Surface A observed in the field is close to the most likely location for the intial
scarp to form using the assumed pre-slide conditions in a general slip surface limit
equilibrium analysis. An order of magnitude, three-dimensional analysis shows there is
a 6% increase in the factor of safety when the lateral margins are accounted for.
Applying this three-dimensional correction to the results of the two-dimensional
Morgenstern ard Price analysis, yields F=0.91 on Rupture Surface A.

In the sensitivity analysis, conditions believed to have an influence on the
stability of the pre-slide slope, are individually varied to determine their effect on the
factor of safety. The stability is relatively unaffected by the removal of material at the
toe on its own. The residual shear strength of the preglacial lake clay has an effect on

the stability but a 30% discrepancy in the ¢,’, to cbtain F=1, is considered unlikely.
" Within the confidence range of uncertainty in the test results, the ¢’ and C’ values used
in the till have an apparently small effect on the stability . Of il the conditions
considered, changes to the phreatic surface have the most dynamic effect on the
stability supporting the hypothesis that the filling of cracks in the lower slope with
water contributed to initiating movement. Considering the uncertainty of the assumed
phreatic surface, it is also not unreasonable that the phreatic surface was, on average,
10 m lower than the assumed level, raising the factor of safety on Rupture Surface A
from 0.91 to 1.0. There is an accelerated reduction in the factor of safety as the
transition between the peak and residual shear strength in the preglacial lake clay is
moved back of the assumed chainage. The progressive movement of this transition back
in the preglacial lake clay, essentially a strain softening effect, & coincident with the
retrogression of the rupture surface and is considered a significant factor in the
mechanism for the movement.

A post-slide stability of F:= 1.58 for the displaced mass as it exists now, and
F=1.35 after the river regains its original level, suggest that the displaced slide mass
gained some stability during the slide movement. This stability is explained by
considering that the momentum, generated by the slide movement, carried the slide
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mass past its equilibrium point. As the river cuts below its original level the factor of
safeiy of the overall slope will again drop below unity and the main scarp may
retrogress. Eventually the slope will maintain a constant 8° average slope angle as seen
downstream.
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Currrex 8. CONCLUSION

8.1 General

The Rycroft Landslide is a reactivated, retroz«ssive compound earth-slide. The
occurrence of the Rycroft Landslide emphasizes th: sugii¥:unt impact that buried
channels have on the stability of valley walls in the Piasi %:54r Lowlands
physiographic region. Of particular importance te #%1'¢v is the presence of preglacial
lake clays beneath the glacial deposits.

Tte timing of the large-scale landslides, like the Rycroft Landslide, appears to
be dependent on the variable and infrequent flood flows of the Saddle River and is
therefore difficult to predict or control. It is the 1 in 50 *~car storm that occurred on
June 11and 12, 1990, that initiated a change in conditions that led to the Rycroft
Landslide, 4 or 5 days later.

The landslide occurred at a location where the Saddle River was cutting through
the overlying till and into preglacial lake clay marking the start of a transition from a
slope angle governed by the available shear strength in the till to a slope angle
governed by the lower available shear strength in the preglacial lake clay. if the
stratigraphy downstream of the landslide is similar to the stratigraphy at the site the
average slope angle will eventually stabilize at approximately 8.

It is considered that the triggers for the landslide were the accelerated erosion of
the Saddle River and the filling of pre-existing cracks in the dormant landslide with
water, both caused by the severe flood in June, 1990. These two effects may be
coupled in the sense that the erosion at the toe causes displacements in the lower slope
which opens new or pre-existing cracks that subsequently fill with water.

General slip surface limit equilibrium stability analyses confirm the assumed
parameters of the pre-slide slope by indicating the right order of magnitude factor of
safety of near unity for the initial rupture surface. The initial rupture surface formed a
scarp 50 m back of the valley crest and then retrogressed to form the present main
scarp. The la:.val margins of the landslide represent a lateral resistance to movement or
a three-dimensional effect that results in an order of magnitude 6% increase in the
factor of safety.

Changes to the phreatic surface have thc most important effect on the stability of
any of the conditions considered in the sensitivity analysis and are postulated as the



88
primary reason the stability analysis returned a factor of safety of less than unity. This
result also supports the hypothesis that the filling of cracks in the lower slope with
water contributed to initiating movement.

The post-stide stability analysis indicates that the forces driving the movement
of the displaced mass decreased as a result of the movement and forces resisting
movement increased. Some of the resisting forces are removed with the removal of the |
dam to the original level of the river but the factor of safety is still greater than unity,
suggesting the displaced mass will remain relatively stable in the near future. As the
river cuts below its original level the factor of safety of the overall slope will again
drop below unity and the main scarp may retrogress. Eventually the slope will maintain
a constant 8" average slope angle as seen downstream.

Over a period of years, the river will erode through the toe mass until it reaches
its original level. As the river cuts below its original level exposing more preglacial
lake clay, similar large scale landslides are anticipated upstream. -

8.2 Further Work

This work points to a number of conditions which, in combination, zesulted in
the Rycroft Landslide Dam. The dominant conditions relate to the river cutting into
preglacial buried channel deposits and in particular into the preglacial lake clay.
Because of the regionaily similar pre- and post-glacial drainage patterns and glacial
history of the Peace River Lowlands it is likely that similar geologic settings are present
in other tributaries to the Peace River and an investigation to locate similar settings in
the Peace River Lowlands might prove useful in predicting instability. A stability
analysis, as presented in this work, may prove useful in that prediction.

The long term observation of the overall slope during and following the removal
of the dam by erosion is a rare opportunity to enhance our knowledge of these
phenomena which may play significant roles in the cutting of deep valleys that
dominate the northern part of the Interior Plains of Canada. The survey information in
Appendix D is left for future researchers of the Landslide to monitor the movement of
the displaced mass. In addition, the Peace River office of Alberta Environment,
Development and Operations Branch, keeps an ongoing record of the reservoir level
behind the Rycroft Landslide Dam which provides a useful though indirect indicator of
the performance of the dam. Qualitative information on the performance of the dam
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may be available from Nova Pipelines as they periodically fly over the landslide during
routine inspections of their pipeline crossing upstream of the Rycroft Landslide Dam.

Not mentioned thus far in the thesis is the presence of a standpipe piezometer,
left in testhole RS 2, sealed off in the preglacial lake clay behind the present main
scarp. The reading of this piezometer may shed useful information on the largely
unknown pore pressure distribution in the slope.
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Detailed log of testholes RS-1 and RS-2
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oEPTH scALE -
', )

G T % T G a

M (A X

l" OR  UNNISTURSED DISTURSED
s SANMLE

m

B O
TOPOOIL OR  GRAVEL
N0 SANLE

G=HOTURR CONTENT (%), #-9ET UMY m(uh‘l. lmlﬂ).umm

HEA=HOLLOW CORE AVSER, 7 OR APT. ~STANSARD PENRTRATION TROT SLOW GOVNT

M‘MM“”’. 00 = UNOONIINED CPNPACESION (8Pe)
SRASTIC LT () t===t @, LGNS LINIT (), = === CORE REOOVERY M),

l *003=82 = i20% ALTAINED & Ne.¢ SIEVE, 0080y 0IZR 08, 82 ¢+ % e, uum.

= &y 3-mme o
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-i04- Pge ot 2
PROJECT RYCROPFT SLIDE
Abena siTe
oy HOLE No. RS 1 ELEV.

DEVELOPMENT 8 OPERATIONS DIVISION | LOCATION
GEOTECHNICAL SERVICES LABORATORY
TECHNOLOGIST___ IS A5 JB pare pRiLLgp__ 16 Jul 1991

BOREHOLE AND TEST LOG

TEST RESULTS ;E g DESCRIPTION s OTHER INFORMATION
/ as sbove, med br. 4
7 | :
47 4 | ]
/] d
¥
" :
/ ;
’ as above, hard, cal, sand :
——f -y pkts, 38 frags. PP 383+ T
Am] | 48 Z Rec= .45n/.45m 4
as above, dk br, slicks. 4
Soft @ 48.8-34.%, 4
1 :
] m i | L
5t ]
52 l d
| 4

., ] BE (D
Torson sus

R SRAVEL SANS 08 LAY [ nmu%

e - e i’ 0-UOBTURE SOUTENT (%),  -UET UNT FRISNT (be/n’), K-PTRZAADILITY (smb), KA ~FLINT VDR
HEA=NOLLOW CORE AVSER, ¥ OR S.0T ~STANGARD SENITRATION TEST OLOW COVNT,
bt bt A1) RP-POCAEY FENCTRONETER (10s), 0~ UNOOHFINED COUPRESSION (0Pe)

Wy ~MASTIC LIHT (1) bumt B =LIOND LINIT (3], ~ === CORE RROOVERY (D
ePTH acaLe (Pathoat = e ETANE o ne m.o%a.uu.u * % %,200 SIEVE,

e e R T T i ey
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ﬁi'EE Poge 8 of 3
PROJECT RYCROPT SLIDE
SITE
ENVIRONMENT HOLE No. RS 1 ELEV.

DEVEOPMENT 8 OPERATIONS DIVISION | LOCATION
GEOTECHNICAL SERVICES LABORATORY

BOREHOLE AND TEST LOG

YEST RESULTS !;:g_ g DESCRIPTION ; ER romon
53 .
54 |
7
é L
% «
55 / | | .
Z ]
% ]
é ]
% 1/
Z
1 } 7 ! %
N :r 4'_‘ %
- | 1 v /
mant)
Z
7
7
7
B 4 as sbove, dk br, slicks.
58

R S ™ S S~ TOPIOLOR ORAVEL  SAND GAYOR  SKT R VNSISTIRSED :STURGED
% e @ e wo [POLM sansdvont TN MMRE  SAmns

i i e aw T’ 0+ NOUTVRE CONTDNT (%), #-WET WBT FRINT (2g/0”), K -PLRMBANLITY (emd ), V.8 ~PLINT AUSER
NCA-HOLLOW CORE AUSER, ¥ O 8.0, ~STANDARD SENETRATION TEST OLOW GOVNT,
N 15 AP-POCKEY PUNSTRONETER (0e), G0~ UNGOAFINGD CORPAEISION (8Pe)

FLASTIC LIUNT (%) =t B, ~LIOWO LIBIT (%), =~~~ CORE RECOVERY (W,
oret scat *  if-o0ens - u-&num‘--uum.m-o.uu-.n-s-.mum.

Y LY Toe 1 l."" a.m' y--n.&m
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Fﬁ-m.” foge 10 of 3t

PROJECT RYCROFT SLIDE

Abena SITe
HOLE No. RS 1 ELEV.

ENVIRONMENT

DEVELOPMENT 8 OPERATIONS DIVISION | LOCATION
GEOTECHNICAL SERVICES LABORATORY

BOREHOLE AND TEST LOG

z
TEST RESULTS §§ g OESCRIPTION i OTHER INFORMATION
80 d
CI(TILL)-v stiff, dk br, peb 1
I sl'ty cal, sand pkts, S8 PP= 211 4
frags. Rec* .20m/.20m
- o1 0dd rveck from 60.7m.
g
n -
“ -
84 o
F
(-] d

i RS TR T TS 0-0suTUAR CoNTENT (%), #-WET VST WEISHT (be/n’), K-PERMEABILITY (emA ), 2.4 ~FLINT ANER{

nea CONE AVOER, ¥ OR GP. ~OTANGARD PERTTRATION TESY SLOW OOVNT,
bbbl AR<POCALT FENETRONETER (LPe), O = UNOONPINGD SONPALESIN (UPs)
0gPTH scaLt Wy ~MASTIC LINT (1) b=ed W <LIGWD LUNT (W), ~ === CORE aMOWVERY D),
! ® 108308 - 0% RETAMES" N Ne.¢ HIEVE, 0,084 0y SEE BE, 21 ¢ % Ne. 200 HIEVE,

Y T2 ﬁil Te 1 ‘_l"" “.m' ¥--mtm
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§5-00-96 Page 11 of 3
PROJECT RYCROFT SLIDE
Aea %

DEVELOPMENT 8 OPERATIONS DIVISION | LOCATION
GEOTECHNICAL SERVICES LABORATORY

TECHNOLOGIST 35 A5 I8 pare ORILLED 16 Ju1 1991
BOREHOLE AND TEST LOG

<

TEST RESULTS §§ g OESCRIPTION i OTHER INFORMATION

as above. :
i e 211
' 7 Rec® .25u/.50m 1
a7 L_ -
/ .
% ]
88 4
1 / -
' |
88 4
t +— 1
70 4
! ! A as above, 1 ppe 287-306 ]
| /| Bece .30w/.45m ]
n ]
1 ) 72 4
i

Bz I X

TOPOOL S OGATER  SNT OR  VENITURNED HISTURGED
0'“'““nﬁmﬁ‘=‘mﬁmmumm

S Rl 0-GOSTURE CONTDNT (), & -WET WY UEISNT(0e/n’), K-PERNEABILITY(snA), RA ~FLINT MOER
HCA-HOLLOW CORE AVOER, ¥ OR 80T, ~OTANGARD FERETRATION TEST SLOW SOUNT,

o4 AR-PRCAIT FEMTRONETER (100), 0= SmeteTE csusaEssion (o0e)
O SATTIC LI (360 bt B, =LIOUID LIBHT (W), = == CORE EOOVERY
; 0EPTH BeALE o oS ou e ¢ MEVE,0.6355ig SIS B, 32 « % . 800 SIEVE,

T T & 1 Aq_a ""1!!!;‘ !-!ﬂn’lﬂNL




. 0a- Poge 12 of 1
PROJECT RYCROFT SLIDE
Abena ST
et HOLE No. s 1 ELEV.
DEVELOPMENT 8 OPERATIONS DIVISION | { OCATION
GEOTECHNICAL SERVICES LAGORATORY —
TECHNOLOGIST S5 A5 JB pare pRiLLgp_ 16 Jul 1991
BOREHOLE AND TEST LOG
z
TEST RESULTS §§ 2 OESCRIPTION s OTHER 1:SORMATION
|
73 -
74 )
1
d
75 -
ﬁ
78 ]
Stiffer from 76.2m. -
77 :
r
7' -
78 ‘ 4
7z [ 2 X
SANDOR  GLATER  SIT OR  VEISTVREED SISTWAGED
\SANSSTONE NITSTNE  SUME  SAWMLE
‘9 -WET UMT WOONT (ne/a’), -maul.wm
-u v-uz-mm LW eomt,
o b e sz, )
oarm gt S c'n'-ul-u -"1-‘ AMIES 0% e.4 HEVE, 608+ 0 HZE 00, 22 ¢ % 10,200 IEVE,
5 7 Te '—ﬂ w ¥°‘m LEvEL
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Abena

DEVELOPMENT 8 OPERATIONS DIVISION | LOCATION
GEOTECHNICAL SERVICES LABORATORY

107
Py ietn
PROJECT RYCROPT SLIDE
SITE
HOLE No. RS 1 ELEV.

TECHNOLOGIST___ 5 _AS_JB  oavp pRiLgp_ 16 Jul 1991

BOREHOLE AND TEST LOG

X
TEST RESULTS §E g DESCRIPTION ; OTHER INFORMATION
e as sbove, firm-stifl.
PP= 96 <
Rece .35m/.45m )
Softer from 79.8a. i
80 4
q
B4 4
a2 4
t 4
1
. — 83 )
- 4
i
j -
Jd 4
| 84 )
-
’ ] BB zZ [ 2 X
T =) Toreou. Ok  PLATGR  ORT OB  VNDISTVRSED OISTUROED
« ® 0 ® 0 w0 (UL L Ao s  scuree et Tsamee
i e Bn T Ty S-NOINTURE CONTENT (W), ©-WET UNIT UEISNT (bg/n”), K -PERMEABILITY (end ), KA ~PLIHT ASSER
m-mmmv-ut-mmmwuo"m.
b iy RR=POCUTT PENETRONETER (kP¢), Ou = UNOORPIED CONPREISION
DEPTN SCALE ®, -muurm.—-u:-mn LISIT (%), = === CONE_BLOWVERY (W),
, 2 15-088-12 - (2e% RETAINED N Ro.¢ SIEVE, 0680y MER 00, 12 ¢ % 0. 200 SIEVE,
v l‘ r. L T q " a-mo ¥-‘mm
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DEVE._QOPMENT 8 OPERATIGNS DIVISION LOCATION
GEOTECHNICAL SERVICES LABORATORY
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Poge M of 3
PROJECT ________ RYCROPT SLIDE
SITE
HOLE No. Rs 1 ELEV.

TECHNOLOGIST __J35_AS_JB_pate pRiLLep__ 16 Jul 1991

BOREHOLE AND TEST LOG

TEST RESULTS

DEPTH
{m)

g DESCRIPTION s OTHER INFORMATION

[PPS Ty Supun W

T1°

S e

81

as above.
P 287 4
Z Rec= .35m/.48w

L EX % 3 X
1:“0. oRAVEL SAND OR LAY OR AT R  VIDISTUREED DSTURBED
S=UMETURE CONTENT (%), #-WET YT nnmul-’). B =DERMRANLITY {en/bl, A2 ~PLIOHT AVOER,
NCA-NBLLOW CORE AVOER, ¥ OR BPT. ~STANCARD PENETRATION YRST SLOW S0VNT,
AR =POCAEY PENETROMETER (2P0}, B¢ = YNCONPINGD COMPREDSION (39é)

U ~RASTIC UINT () et B =LIGUD LINIT (), ===~ CORE
18-003-22 = 12¢% AETAINED 0N e.¢ SIEVE, 00300 0iZE am, 22 »

#=3y g-wmevm

"y (%,
% %e.300 S1EVE,
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£5-02-96 Page $5 of 3¢
PROJECT RYCROPT SLIDE
Aena s
ENVIRONENT HOLE No. RS 1 ELEV.
DEVELOPMENT 8 OPERATIONS DIVISION LOCATION
GEOTECHNICAL SERVICES LABORATORY

BOREHOLE AND TEST LOG

z
TLST RESULTS §§ é DESCRIPTION s OTHER INFORMATION
o
93 -
4
84 d
J
r
: a% 4
e [ ] <
t P
I ]
a7 ¥ 4
as above, hard. J
PP 383+
= Rece .30m/.45m 4
98 4
<
m )
e, i Bz [ 1 X
0 e e e TOPIOLOR SAAVEL  SANDOR  GLAYOR  SAY OR  UROISTURMED OISTURSED
" ' wosaume MANOITONE  SNALE  SHTSTONE  sME  SANRE
TSR R TR TR 9-ONTURE CONTENT (%), ® <WET UIT URINT (be/n’), K=PERNEABILITY(snd), KA ~PLIOKT AVER
HCA-HOLLOW GORE AUGER, ¥ OR 9. ~STANGARO PENETRATION TEST OLOW COWNT,
bddie et U1 RR-POCKEY PERITROETER (104), Ov = UNGONPINGD OSNPOEESION (8Ps)
sEPTH scaLe o MpoASTIC LT W1, —LVIS LIBT ), ~ - CORE RESVERY (N,
R R 1500022 = 1209 ACTAINED G No.¢ SITVE, 008+ By IIX 20, 12 + % 0. 300 SIEVE,
T T e #* ¥y -wmuw
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45-104-8€ Page 46 of 3!
PROJECT RYCROPT SLIDE
SITE
RS 1
ENVIRONMEKT HOLE No. ELEV.
DEVELOPMENT 8 OPERATIONS DIVISION LOCATION
GEOTECHNICAL SERVICES LABORATORY
TECHNOLOGIST 555 I8 pate priLep_ L Jul 1991
BOREHOLE AND TEST LOG
E. g
TEST RESULTS %s H DESCRIPTION OTHER INFORMATION
100/} §
as above, hard. <
e
104 4
102 4
i1 L
‘ -
: 103
104 4
- Cl:;dk 55, L Yarting{ &
v 8, O e ayers
105.5m & 106.7m. Cored @ 104,63407. 15n.
105 4
e, B @z [ L
S e 60 TOPROLOR SRAVEL  BAND OR _ CLAYOR  SILT OR  UNDISTURSED DISTURSED
" 20 SANPLE SANDOTONE SMALE  SILTSTONE  SAMPLL  SAMPLE
i s R e TR 0-WOISTURE CONTENT (%), #-WET UNT WEIGHT (vg/a’), K-PERMEANILITY(omA ], A ~PLISKT AUSER
HCA=HOLLOW CORE AUSER, ¥ OR B.P.T. ~STANDARD SENETRATION TEOT SLOW COUNT,
YIS P S W S S AR<POCKET PENETRONETEN (1Pq), Qo = UNCONPINED CONPRESSION (29e)
DEPTH SCALE Wp ~MASTIC LINIT (%) =t W, ~LIQUID LIBIT (%), ===~ CORE ALCOVERY (%),
' & 11-000-22 = (2s%AETAINED 0N No.¢ SHVE,0.0810g HIE 80, 22 + % Ne. .200 S1EVE,
— T T % #° m- ¥- mree Lovae
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111

Page 17 of 3

ENVIRONMENT

OE ELOPMENT 8 OPERATIONS DIVISION | LOCATION
GEOTECHNICAL SERVICES LABOR/ATORY

PROJECT _______RYCROPT SLIDE

SITE

HOLE No. RS 1 ELEV.

TECHNOLOGIST___JS _AS _JB pATE DRILLED__ 16 Jul 1991

BOREHOLE AND TEST LOG

TEST RESULTS

- 4
-
Q.
&

(m)

DESCRIPTION s

OTHER INFORMATION

106

108

110

11

112

as sbove, slicks.

|

Cored @ uo.as-m.lo-;;
Rec* .2%5n/2.75m

PO W W {

]

" 20 100
e R R ae T
2 1 1 1 3 i 1 L J
DEPTH SCALE .
'l gJ

T L Ts T Ts ",

i = S g-uren ueves

SAND OR LAY On SILY OR  UNDISTURSED OITURSED
SANDITONE  SMALE SITITONE AL SANMRLE

0-UOISTURE CONTENT (%), % ~WET UMT WEIONT(sg/a’), u-mmum(-ﬁl.umm
HCA=-NOLLOW CORE AUSER, ¥ OR AT, <GTANDARD PERETRATICA TEOT OLOW OOUNT
AP POCAEY PRNETRONETER (3Pe), Ge = VNGORFINED COAPRESSION (8Ps)
Wp ~FLASTIC LINIT (%) i——t W, ~LMIUID LIBIT (%), =~~~ CORE RECOVERY (%,
12-0.03-82 = 120 RETAINED O Ne.4 SIEVE,0.08 * 8yg §i2E B, 22 + % Ne.200 S1EVE,
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Page 18 of 3t

08

ENVIRONMENT

DEVELOPMENT 8 OPERATIONS DIVISION
GEOTECHNICAL SERVICES LASORATORY

PROJECT RYCROPT SLIDE
SITE
HOLE No.

LOCATION

RS 1 ELEV.

TECHNOLOGIST____JS_AS _JB  pATE DRILLED__16 Jul 1991

BOREHOLE

AND TEST LOG

TEST RESULTS

X
e
a
-]

{m)

DESCRIPTION OTHER INFORMATION

g
5

4 -4-

113

114

143

118

147

118

as above.
Rec= .15m/.1%m

+

g '

I

TOPOOW. OR  SRAVEL
N0 SANMLE

B 7 [ (1 X

SAND OR CLAY OR SILY OR  UNDISTURSED DISTURSED
SANCOTONE  SMALE SLTITONE AMRLE SAMLE

0-HOISTURE CONTDNT (%), # -WET URIT WEIONT(Rg/a), K=PERNEANLITY (omA), R4 ~FLINT ANERS
NCA=NOLLOW CORZ AUGER, ¥ OR ST, ~JTANDARD SENETRATION TEST BLOW OOUNT,
n.-ncm PENETRONETER (aPs), Q0 =~ UNCONFINED COMPRENNION (10e)
~PLASTIC LIMIT (%) b=t W, =LIGUID LINIT (9], === == CORY RECOVERY (%),
| =0.08=22 ~ 120% RETAINED 0N No.¢ SIEVE,0.08 % Oy SIZX B8, 22 ¢ % 0. 200 sive,

# = ¥y T-wmm
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Page 49 of 3
PROJECT ____ RYCROFT SLIDE
SITE
HOLE No. RS 1 ELEV.
DEVELOPMENT 8 OPERATIONS DIVISION | LOCATION
GEOTECHNICAL SERVICES LABORATORY
TECHNOLOGIST 35 A8 JB poate pRILLED. 16 Jul 1991
BOREHOLE AND TEST LOG
r 4
TEST RESULTS §§ é OESCRIPTION i OTHER INFORMATION
118 / -
/ }
7 :
120 g ]
g ]
7 :
4 -
124 % .
é |
122 ]
123 :
124 I
125 .

TOPEOW, OR  SRAVEL SAND OR CLAY OR ST OR  UNDISTURSED OISTURSED
NO SANPLE SANDSTONE  SMALS sLrsTONg ang sANMLE
©-NOWMTURE CONTERT (%), ®-WET VT mmu/-". K-PERUEADILITY (on/b ), R4 ~FLIGNT MNER
WCA=HOLLOW CORE AUGER, ¥ OR LP.7. ~STANDARD PERETRATION TRET BLOW COUNT,

A9.-POCKET PERETRONETER (EPe), Ge = UNCANFINED couPRLSsIOn (she)

Wy ~MASTIC LIMIT (96) i=——dt W, =LISUIS LIBIY (%), ===~ CORE AECOVERY (%),

1200082 = 180% RETAINED "O% No.¢ SIEVE, 008 00 GiZE @m, 32 o 95 ne. 800 81EVE,

# = iy Z-wmrueve
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Page 20 of 3
PROJECT RYCROFT SLIDE
A |
HOLE No. RS 1 ELEV.

CNVIRONMENT

DEVE.OPMENT 8 OPERATIONS DIVISION | LOCATION
GEOTECHNICAL SERVICES LABORATORY

TECHNOLOGIST

BOREHOLE AND TEST LOG

TEST RESULTS

iR

g OESCRIPTION s OTHER INFORMATION

+

128

27

128

128

130

131

Ci-dk gry, thin ML layers. |

e

e A e dedd

i
®

i e wisy’

- - A
[ © [

U T G WU W W W T |

oL

scaue °
]

-r

|
T rt s | T"n.

] BB

TOPOOL O  GRAVEL SAND OR OLAY ORt SILY OR  UNDISTURSED DISTURSED
NO SANMLE SANDSTONE

O~UOITURE CONTENT (%), ®-BTT UMY WEIONT (10/0), K-PERNEANLITY (end ), KA ~PLIGHT AVSIR
HCA=NOLLOW CORE AUSER, ¥ OR AP.Y. ~OTANOARD PENETRATION TROT BLOW COUNT,

AR+>POCKET FENCTRONETER (873), Oo = UNGONFINED CONPRESSION (1Pe)

Wy ~FLASTIC LIHT (90) b=t W, =LIGUID LINIY (%), =~ =~ CORE REOOVERY (%),

12-008-82 = 1209% RETAINED 0N N8 BIZVE,0.03¢ By HIE Ba, 22 » % Ne,200 S1EVE,

#= 3y g-wren v

B 7 [ 2
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GS-hoi- e Page 24 of 31
PROJECT RYCROFT SLIDE
SITE
priiidvie: HOLE No. RS 1 ELEV.
DEVE.DPMENT 8 OPERAT.ONSDIVISION | LOCATION
GEOTECHNICAL SERVICES LABORATORY —
TECHNOLOGIST 35 A5 JB_ are DRiLLED_ 16 Jul 1991
BOREHOLE AND TEST LOG
4
TEST RESULTS §§ g DESCRIPTION s OTHER INFORMATION
133 4
ﬂ
. {
LN | 134 .
: : | as sbove. . 1
ﬁ -
:" -
. | .
; h
BN ‘
: f 1
— 138 ¢/ )
. i !
+ v 1 L
‘ 4
o
137 ]
, 1
l L
1T CR-dk gry, {nterbedded sand ]
L1 {

. ..., O B Z [l X

w100 TOPSOK.OA GRAVEL SANDOR  OLAYOR KT OF  UNISTURSED OISTURSED

" %0 SANPLE BANSTONE  OWALE  SILTSTOME  SANWME  SANSLE

s A B T’ S-NOISTURE CONTNT (%), # -WET UMY YDIONT(e/a’), lmmm.u.-m anen
NCA=HOLLOW CORE AUSER, ¥ OR S.P.Y. ~STANGARS PERETRATION TUST SLOW OPAIY,

ki AR-POCKEY PERTRONCTER (106}, 06 = VHOSNFINGD CRUPRENSION {400
——— ~PASTIC LT (%) ==t B, ~LIOWD LIBIT (30), === cORE_ SEOOVERY
' S 10-00088 ~ 12+ AETAIR o Ao GEVE +0.03¢ 0,y MIE B8, 12 % N0, 200 $I8VE,

T B Te IQT;“ a-w ¥-umum
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Cogoge Page 2 of 2t
PROJECT RYCROPT SLIDE
SITE
ENVINONMENT HOLE No. RS 1 ELEV.
DEVELOPMENT 8 OPERATIONS DIVISION LOCATION
GEOTECHNICAL SERVICES LABORATORY
TECHNOLOGIST____J5 _AS JB pate pRiLLgp_ 16 Jul 1991
BOREHOLE AND TEST LOG
k3
TEST RESULTS §§ g DESCRIPTION i OTHER INFORMATION
-39 -
140 §
N as above. 1
=1 m‘_ 9
144 y
| §
: 4 142 )
4 -
. i ' ]
+ E ]
' -
143 4
144 ]
i 1
5 1
145 4
T I 7z [l (1 X
W0 8 80 w0 TOPROLOR SRAVEL SANOOR  CLATOR  OLT O  UNOISTVRESD DISTURSED
n "0 SANMLE SANSTONE  GHALL  SILTSTONG  sMmE sANmE
SRR TS TS e-voTen contenT (%), @ -weT UMt WEIONT(3o/nd), K-PERNEADILITY (end), A ~PLISHT AJOER
HCA=NOLLOW CORE AUSER, ¥ OR .07, ~STANDARD FENETRATION TEST BLOW OOWNY,
ekt teibededy RP.=POCKET PENGTROMETER (1P6), @6 = UNGORPINED CONPRESSION (8Ps)
DEPTH scaLE Up = FLAITIC LIHT I} it T, <LIGUID LINIY (), ===~ CORE REOOVERY (W),
! . & 10-000-22 - 2o RATTAINES"ou e.6 BIEVE, 0005 g WIS 80, 22 + % M. 200 S1EVE,
T T e B Pe-wnm i
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ENVIRONMENT

DEVE_OPMENT 8 OPERATIONS DIVISION | LOCATION
GEOTECHNICAL SERVICES LABORATORY

117
Poge 23 of 3
PROJECT ______ RYCROFT SLIDE
SITE
HOLE No. RS 1 ELEV.

TECHNOLOGIST ___JS_AS B pare ORiLLEp._ 16 Jul 1991

BOREHOLE AND TEST LOG

z
YEST RESULTS §E § DESCRIPTION ; OTHER INFORMATION
o
146 -
as adbove. 1
al ‘5"9_ 9
147 <
vl | )
' -
i +— )
) 1
| 148 :
‘J )
]
J -
e ‘ X
Pl B
B R ! A
‘ st — 148 1
: | il } 4
1 \ . |
i . M i h
. . ‘e .LJ -
1 . ‘ I
‘ 150 \ 4
7 |
: | 15¢ ! 81 fer drilling |
: ! Slgver sie
fron 194%5ar dritline,
_] -
H T ﬂ

F U VO Y G YU SUND VS U B ]

oLeTr scaLt

- L Te | s n

"%,
l «0.08=88 ~ (2% RETAINED 0% No.¢ SIEVE,0.00 ¢ By NIE 86, 22 ¢ % Ne. 200 IIM.

L] 7z, [ (2 X
t:mu SEAVEL une':- GLAY OR :g.& VIMESTURIED BITURSED
0-NOSTYRE CONTENT (%), #-WET UMY m(“/l‘). K-PERMLANILITY (on/ ), RA ~FLISHT ANER
NEA=NOLLOW CORE AUSER, ¥ OR S.0.7. ~STANSARD PENETRATION TRST BLOW COUNT,

»-nmrmum. @8 = UNCORPINGD CONPREISION (Abe)
~MASTIC LIMT (3) bt W, ~LIOUID LINIT (W), = === CONE REOOVERY

#=32Ry Z-wmruve




Appendix A

118
ATV S Page 2¢ of 3
PROJECT RYCROPT SLIDE
SITE
EVIRONIENT | HOLE Ne. RS 1 ELEV.

DEVELOPMENT 8 OPERAT:ONS OIVISION | LOCATION

GEOTECHNICAL SERVICES LABORATORY
TECHNOLOGIST__J5_AS_JB  parg pRiLLED_16 Jul 1991

BOREHOLE AND TEST LOG

%
TEST RESULTS §‘_E_ é OESCRIPTION ; OTHER INFORMATION
152 4
Interbedded clav, silt & P
f sand lavers, {interpre-
ted from geophvsical logs). 1
453 .
Jun e { ] Corad @ 153:33-1%5. 3w ]
* ; v ardmer ver Cor
IL - Barrel.
i 184 ;
— l ¥ v r 153.6R-
i 153,72 .3-156.62-._
| 458 2 Interbodded silt & clav, occ e
l ' thin sand sesms, finterpre- | b
: 4 ' . ted from geephvstcal loms). 4
— — = |
‘7[74__ o
j ! 558 o
" -
i P
157 . 4
| ]
2 L
AR
! -
458 T 4
v LA
e & T 9
i ! ;. Vi 6.5 o | POy 3 Lo
. Cl_ 7 0
e e e A — * ] -. Q .
. 0 o0 ™) %0 00 t:mﬂ oRAVEL SAND G [ %L :g‘& {ODe
TR S TR TS 0- e CONTINT (%), @ -WET UMt mcuh‘s.immcuo.umm
m-mm AURER, ¥ OR B0.T. ~STANDARY SENETRATION VEvT ;i OF QOUNT,
b S “RABTIC U mmo—-o‘gmi.nz'n.mn"a. gy P "l'v’w
oLPTH sCALE . S .,’mqp - qu.umm"-uod SHVE, 0080 Big B3 2, 62 o M), s-“"lM.
— T, 0 By - wn v
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SS:06:0€ St n
PROJECT ~RYCROFT SLIDE
SITE
ENVIRONMENT HOLE No. ... RS 1 ELEV.

OEVE_OPMENT 8 OPERATIONSDIVISION | LOCATION =
GEOTECHNICAL SERVICES LABORATORY

'ragmcx.mis'r IS _AS I3 oate pRiLLEp_ 16 Jul 1991
BOREH{=E AND TEST LOG
— n

TEST RESULTS

DEPTH
)"
SYMBC!.
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PROJECT —_ RYCROFT SLIDE _
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AreoxB:  Geophysical log testhole RS-1
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AreoxC:  Flood Frequency Analysis, Saddle River.
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FLOOD FREQUENCY ANALYSIS
SADDLE RIVER 30-78-3-W6M

The Geotechnical Branch has requested that a flood frec..ency
analysis be carried out for the Saddle River at 30-78-3-W6M. The
information is to be used to assess the safety of a natural dam at
this site. The drainage basin is shown in Figure 1.

Hydrometric data are available for the Saddle River Near
Woking from 1967 to presert providing 24 years of record. For 1987
where the annual peak flow is not available, but the maximum mean
daily flow is identified, the peak flow is obtained based on a
regressional relationship between Q and Qs- Table 1 presents the
Saddle River data set void filled for 1987.

Table 1: Maximum Annual Discharges For Saddle River Near Woking
W.5.C. Statioa 07FDO06

Year Maximum Mean Daily Maximum Instantaneous
Discharge (cms) Discharge (cms)

1967 64.8 80.1

1968 150 439

1969 32.3 57.2

1970 9.46 10.2

1971 $6.4 78.4

1972 43.3 €1.4

1973 27.6 7.4

1974 60.9 80.1

1975 13.1 22.5

1976 47.6 60.9

1977 43.0 86.1

1978 15.7 18.4

1979 30.0 $54.3

1980 2.27 8.22

1981 6.20 7.31

1982 14.3 26.1

1983 20.8 37.3

1984 27.9 34.5

1985 5.31 8.48

1986 21.7 26.1 .

1987 17.0 26.8 e

1988 6.04 9.38

1989 20.4 35.1

1990 ass 436

e - estimated
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A modified Pearson Type III frequency distribution is used to
define the maximum instantaneous discharges for the Saddle River.
The results of the frequency analysis are presented in Table 2.

Table 2 : Flood@ Frequency Analysis for Saddle
River Near Woking W.S.C. Stn. O07FD006
Return Period Maximum Instantaneous Discharge

(Years) {cms)
100 548

50 439

25 335

20 302

10 205

S 116

2 26

The drainage area measured to the hydrometric station on the
Saddle is approximately 538 square kilometers and the drainage area
to the project site is estimated at 907 square kilometers The peak
éischarges at Saddle River near Woking are transposed to the
project site using Equation 2.

Q = Q (D.A. 4/D.A. ) % ....... Equation 2

Where : Q, is the estimated discharge at the project
site
Q, is the discharge at the Saddle River at
the hydrometric eite
D.A. ,y is the drainage area measured to

the project site

D.A. g is the drainage area measured to the
hydrometric site

The results of the frequency analysis for the Saddle River at
30-78-3-W6 are presented in Table 3.
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Table 3 : Flood Frequency Analysis for Saddle
River at 30-78-3-ws¢
Return Period Maximum Instantaneous Discharge

(Years) (cms)
100 832

50 667

25 509

20 459

10 31

5 176

2 39.5

The volume analysis is carried out using annual maximum 12 day
volumes for the Saddle River Near Woking and applying a Pearson
Type 111 frequency distribution to this data set. The 12 day
maximum volumes for the Saddle River Near Woking are presented in
Table 4. The results of the frequency analysis of volumes are
presented in Table S.

Table 4 :

Annual Maximum 12 Day Volumes for the
Saddle River at Woking - W.S.C. Stn 07FD006

Year Maximum 12 Day Volume
(Dan®)
1967 31251
1968 34733
1969 17135
1970 7420
1971 16002
1972 19507
1973 17287
1974 46284
1975 6652
1976 12346
1977 17473
1978 7165
1979 14997
1980 756 .
1981 5201
1982 6186
1983 10859
1984 7656
1985 3864
1986 9007
1987 5308
1988 2044
1989 4440
1990 54709
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Table 5 : Volume Frequency Analysis for Saddle River
Near Woking W.S.C. Stn 07FD0O6
Return Period Flood Volume
(Years) {Dams)
100 64195
S0 54876
25 45527
20 42510
10 33101
S 23618
2 10847

The flood volumes are transposed linearly using drainage area
ratios to estimate the flood volumes for floods of various
returnperiods at the Rycroft Project Site. The flood hydrographs
are developed using a dimensionless hydrograph program and are
presented in Tables 6 to 12 and illustrated in Figure 2.
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1550 DISCHARGE (CMS)
Ju
800 A 1100 YEAR FEAK
A 150 YEAR PEAK
600 {
125 YEAR PEAK
) 1.20 YEAR PEAK
400
200
0
TIME (DAYS)
Alm;m Technica! Services Divisloa—?‘
it [ wYved :’m‘ BRANCH RYCROFT LANDSLIDE PROJECT SITE
T R Y INFLOW HYDROGRAPHS -
e o | St “ﬁ.%c...——-—- FIGURE No. 2




Table 6 :

Appendix C

FLOOD HYDROGRAPH ANALYSIS

1060 YEAR RETURN PERIOD

TIME (DAYS)

0.000
0.111
0.222
0.333
0.444
0.555
0.666
0.778
0.889
1.000
1.111
1.222

DISCHARGE (CMS)

0.0
33.3
66.6

124.8
178.0
291.2
394.4
528.3
665.6
748.8
832.0
761.3
6688.9
603.2
530.8
459.3
402.7
317.0
253.8
203.8
166.4
134.8
108.2
91.5
54.9
29.1
14.1
0.0

HYDROGRAPH VOLUMES

TIME (DAYS)
5.6 (TOTAL)

VOLUME (CUBIC DECAMETERS)
108225.0
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Table 7 : FLOOD HYDROGRAPH ANALYSIS

SO YEAR RETURN PERIOD

TIME (DAYS) DISCHARGE (CMS)
0.000 0.0
0.118 26.7
0.237 53.4
0.355 100.1
0.474 142.7
0.592 233.4
0.711 316.2
0.829 423.5
0.948 533.6
1.066 600.3
1.184 667.0
1.303 610.3
1.421 552.3
1.540 483.6
1.658 425.5
1.777 368.2
1.895 322.8
2.132 254.1
2.369 203.4
2.606 163.4
2.843 133.4
3.080 108.1
3.316 86.7
3.553 73.4
4.146 44.0
4.738 23.3
5.330 11.3
5.922 0.0

HYDROGRAPH VOLUMES
TIME (DAYS) VOLUME (CUBIC DECAMETERS)
5.9 (TOTAL) 92514.0
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Table 8 : FLOOD HYDROGRAPE ANALYSIS
25 YEAR RETURN PERIOD
TIME (DAYS) DISCHARGE (CMS)
0.000 0.0
0.130 20.4
0.261 40.7
0.391 76.4
0.522 108.9
0.652 178.1
0.783 241.3
0.913 323.2
1.044 407.2
1.174 458.1
1.304 509.0
1.433 465.7
1.565 421.5
1.696 369.0
1.826 324.7
1.957 281.0
2.087 "+ 246.4
2.348 193.9
2.609 155.2
2.870 124.7
3.131 101.6
3.392 82.5
3.653 66.2
3.913 $6.0
4.566 33.6
5.218 17.8
5.870 8.7
6.522 0.0
HYDROGRAPH VOLUMES
TIME (DAYS) VOLUME (CUBIC DECAMETERS)

6.5 (TOTAL) 77753.0
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FLOOD HYDROGRAPH ANALYSIS

20 YEAR RETURN PERIOD

TIME (DAYS)

DISCHARGE (CMS)

0.0
18.4
36.7
68.9
98.2

160.6
217.6
291.5
367.2
413.1
459.0
420.0
380.1
332.8
292.8
253.4
222.2
174.9
140.0
112.5

HYDROGRAPH VOLUMES

TIME (DAYS)
6.7 (TOTAL)

VOLUME (CUBIC DECAMETERS)
71670.0
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Table 10 : FLOOD HYDROGRAPH ANALYSIS
10 YEAR RETURN PERIOD
TIME (DAYS) DISCHARGE (CMS)
0.000 0.0
0.153 12.4
0.306 24.9
0.460 46.7
0.613 66.6
0.766 108.8
0.919 147.4
1.073 197.5
1.226 248.8
1.379 279.9
1.532 31t1.0
1.685 284.6
1.839 257.5
1.992 225.5
2.145 198.4
2.298 171.7
2.451 150.5
2.758 118.5
3.064 94.9
3.37% 76.2
3.677 62.2
3.984 50.4
4.290 40.4
4.597 34.2
5.363 20.5
6.129 ' 10.9
6.895 5.3
7.661 0.0
HYDROGRAPH VOLUMES
TIME (DAYS) VOLUME (CUBIC DECAMETERS)

7.7 (TOTAL) 55800.0
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Takle 11 : FLOOD HYDROGRAPH ANALYSIS

5 YEAR RETURN PERIOD

TIME (DAYS) DISCHARGE (CMS)
0.000 0.0
0.193 7.0
0.386 14.1
0.580 26.4
0.773 37.7
0.966 61.6
1.159 83.4
1.352 111.8
1.546 140.8
1.739 158.4
1.932 176.0
2.125 161.0
2,318 145.7
2.512 127.6
2.705 112.3
2.898 97.2
3,091 85.2
3.478 67.1
3.864 §3.7
4.251 43.1
4.637 35.2
5.023 28.5
5.410 22.9
5.796 19.4
6.762 . 11.6
7.728 6.2
8.694 3.0
9.660 0.0

HYDROGRAPH VOLUMES
TIME (DAYS) VOLUME (CUBIC DECAMETERS)

9.7 (TOTAL) 39820.0
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Table 12 FLOOD HYDROGRAPH ANALYSIS

2 YEAR RETURN PERIOD

TIME (DAYS) DISCHARGE (CMS)
0.000 0.0
0.395 1.6
0.791 3.2
1.186 5.9
1.582 8.5
1.977 13.8
2,372 18.7
2,768 25.1
3.163 31.6
3,559 35.5
3.954 39.5
4.350 36.1
4.745 32.7
5.140 28.6
5.536 ‘ 25.2
5.931 21.8
6.327 19.1
7.117 15.0
7.908 12.0 '
8.699 9.7
9.490 7.9

10.281 6.4
11.072 5.1
11.862 4.3
13.839 2.6
15.817 1.4
17.794 0.7
19.771 0.0

HYDROGRAPH VOLUMES
TIME (DAYS) JOLUME (CUBIC DECAMETERS)
19.8 (TOTAL) 18290.0
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The return period for the 1990 flood event for the Saddle
River 15 estimated at 50 years. The volume of the 1990 event is
estimated at 54,700 dam’
estimated at 662 CMS at the Rycroft Landslide site.

and the maximum instantaneous discharge is

1

’

Prepared by:

Ddve Siemonsen
7ydrology Technologist

EDMONTON OCTOBER 1990
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AreoxD:  Topographic survey of the Rycroft Landslide, July 1991.
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ArsoxE:  Laboratory Test Results



Consolidated Undrained Triaxial test results on till,

182

Rycroft Landslide
Depth Effective Peak | Change ol c3 | Strain | A
Consolidation | Deviator in
Pressure Stress Pore
Pressure
(m) (kPa) (kPa) (kPa) (kPa) | (kPa)| %
48.8-49.25m 200 239 62.7 376 137 9.5 |0.55
70.2-70.6m 400 227 120 507 280 | 144 10.73
| Leaky membrane
70.15-70.6m} 800 295 297 797 503 5.7 10.67
91.5-91.95m 1200 672 462 1415 738 | 8.7 0.7
97.6-98.0 800 601 215 1180 585 85 10.71
Direct shear test result on till,
Rycroft Landslide
SHEAR STRESS
Depth NORMAL PRAK STAGED
STRESS REBSIDUAL
(w) Py o) P)
97.6-98.0m 800| 146
97.6-98.0m 800 312




Direct shear tests resuits on preglacial lake clay,
Rycroft Landslide
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JCross-bedding tests:

[C.B.#1

214

72

|C.B.#1

200

{c.B.#2

652

243

|c.B.2

600

|C.B.#3

1200

Consolidated Undrained Triaxial test results on preglacial lake clay,

Rycroft Landslide
Effective Peak Change ol o3 Strain A
Consolidation| Deviator in
Pressure Stress Pore
Pressure
(kPa) (kPa) (kPa) (kPa) (kPa) %
800 600 200 1200 600 9 0.75
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