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- INTRODUCTION

At the Muskrat Falls site, shown on Plate No. 1, the Churchill
River now flows through a narrow opening situated between the
south bank and a prominent rock knoll on the north bank.

The

river is diverted to its present course by a neck of land
extending northward from the rock knoll.

The neck of land

consists, in part, of sensitive marine clay sediments which
are susceptible to instability.
In 1965, subsequent to a limited field investigation, a
preliminary project layout for Muskrat Falls was completed
by Acres Canadian Bechtel for the British Newfoundland
Corporation Limited.

The development of this site was

envisaged to require slightly in excess of 29 million cubic
yards of fill to provide stability for the neck of land and
protect it from erosion.

The stabilizing measures were

governed by the shear strength of the sensitive clay.

A low

shear strength value was selected which was consistent with
the state of knowledge of marine clays at that time.
Considerations of the optimum tailwater elevation for the
Gull Island development raised the subject of the sensitivity
of the stability of the marine

clay deposits at Muskrat

Falls to small changes in the head pond elevation at the
latter site.

It was considered that Canadian marine clay

technology had advanced considerably since the original
Muskrat Falls layout was made in 1965, and that a review
of the Muskrat Falls scheme in the light of these developments
would be justified, both for the ongoing Gull Island design
as well as for Muskrat Falls itself.
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This report contains the results of this review and,
although considerable explorations and engineering studies
are necessary before a final design can be produced, it
is established that significant potential savings are
possible in treating the neCk of land.

Moreover, it is also

concluded that determination of. the head pond level for
Muskrat Falls should not be allowed to be unduly influenced
by considerations of stability of the marine clay.
The work was initiated by Mr. E. P. McCormack, Vice-President,
Gull Island Power Company Limited, in a letter dated December
19, 1975, to Mr. W.
Consultants.

E. Bonnell, Project Manager, Lower Churchill

This study was carried out by Acres Consulting

Services Limited.

-
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2 - SUlVJ¥1ARY OF MAjOR FTNDINGS

Based on our review of available geotechnical and g.eologic
data from Muskrat Falls, as well as improved .understanding
of the behavior of Canadian marine clays since 1965, the
major findings are as follows:
(a)

The marine sediments possess higher shear strengths than
were assumed in 1965.

Consequently, the quantity of

fill required to ensure the stability of the neck is
considerably less than that envisaged in the 1965 layout.
(b)

Subject to verification by model testing, it is considered that the length and quantity of the rockfill
~roin

for erosion protection can also be reduced from

that indicated in B65.
(c)

The total fill involved in the above two items in the
revised 1976 treatment amounts to approximately 8.2
million cubic yards, compared to about 29.3 million
cubic yards in

the 1965 scheme.

The 1976 scheme calls

for about 16,000 feet of pressure relief wells.
(d)

Variations in head pond elevations of the order of 5
·to 10 feet have a minor effect on the stability of the
neck.

~herefo·re,

considerations other than the

stability of the marine clay should govern the selection
of the reservoir level.
In arriving at the present scheme, i'c was necessary to
formulate assumptions in a number of technical areas, as
actual field data are limited.

Recommendations are made as

·to the scope of investigation which should be undertaken ·to
verify the various elements proposed in ·this repor·L
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3 - BACKGROUND S'l'UDTES

The full potential of the Lower Churchill River consists of
a drop of 394 feet from the tailrace of the Churchill Falls
power development to the sea.

The. gross head at Muskrat

Falls represents 127 feet, with normal headwater at elevation
130 feet.
Studies for the development of hydro power at Muskrat Falls
took place in 1964 and 1965.

Based solely on aerial photo-

. gr.aphs · and topographic maps, the preliminary assessme.nt in
1964 identified the area of the falls as a potential power
site.

The study in 1965 was developed on the basis of some

field investigations which included geophysical work, two
boreholes, test trenches and laboratory testing.

The

investigations shown on Plate No. l focused primarily on the
estuarine sediments which form a natural dam across the
buried bedrock valley to the north of the rapids.

These

studies were undertaken by Acres Canadian Bechtel for the
British Newfoundland Corporation Limited and covered developments at both Gull Tsland and Muskrat Falls.
these studies are outlined in
November 1965. 1 ' 2

r~ports

The results of

dated April 1964 and

As a result of the 1965 study, a project layout was proposed
consisting of a 120-foot high concrete gravity dam above the
lower falls, a combination spillway and diversion channel on
the right bank 1 and an intake and powerhouse in the river
channel below the dam.
The stabilizing works were

esta~lished

on the basis of

obtaining adequate stabili·ty against failure by sliding in
the estuarine sediments·, which were assumed to have an
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effective angle
of. shearing
resis-tance of only 6 degrees.
.
.
.
This empirical value of 6 degrees was compatible with ·the
state of knowledge on marine clays prevailing at ·the time,
and was selected after cons.ul ta tion with Dr. L. Bj errum of
the Norwegian Geotechnical Institute.

As a consequence, the

buttressing fill necessary for the .stability of the neck of
land and the measures required to control erosion amounted to
slightly in excess of 29 million cubic yards.

Also, the

studies of 1965 had caused some apprehension regarding the
stability problems at Muskrat Falls.
Since 1965, increased research and construction activities
in the field of sensitive marine clays in both Europe and
Canada have produced an improved understanding of the
engineering behavior and the failure mechanism of these
soils.

In late 1975 cost estimates for the Gull Island

hydroelectric project were prepared by Lower Churchill
Consultants.

It was recognized that certain design aspects

of the 1965 study for Muskrat Falls were possibly unduly
conservative.

The present review of geotechnical aspects was

therefore considered necessary to dispel some of the
concerns about Muskrat Falls and to allow Gull Island to be
treated objectively.
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4 - SITE CHARACTERISTICS

4.1 - !.£pography
Muskrat Falls is located on the Lower.Churchill River in
Labrador, approximately 180 miles. downstream of Churchill
Falls and 20 miles upstream of Goose Bay.

In the lower

40-mile reach, the river flows through a channel cut into
estuarine and marine fluvial sediments.
Upstream of Muskrat Falls, the Churchill River occupies a
broad valley measuring more than 3,000 feet in width.

The

most prominent feature at the site is the obstruction formed
by the neck of land to the north.

This barrier has caused

the river to erode a narrow channel at the south side having
a minimum width of about 400 feet.

In this constriction the

river traverses two sets of rapids having a total drop of
52 feet.
The countryside flanking the river is characterized by large
flat terraces rising 300 to 400 feet.

The gentle relief of

the terraces is often interrupted by streams and tributaries
cutting courses in the

fine~grained

charge into the main river.

overburden as they dis-

The highest peak in the area is

found in the rock knoll to the north of the rapids and
reaches elevation 450 feet.
The neck of land rises to elevation 200 and its surface is
flat.

It is slender near the rock knoll and widens out

toward the north.
the occurrence of

Of particular interest to this study is
e~osion

and slope failures in the area.

Toe erosion prevails along the riverbanks.and is· strong.).y
pronounced at the downstream face of the neck.

- 7

The banks of the Churchill River bebtleen Gull Island and
Goose Bay are scarred by landslides, some of which involve
large quantities of overburden,

A common characteristic of

these slides, including those located inland, is -that they
are adjacent to a watercourse.

In some instances where the

failed mass has been transported by the erosive influence of
water, as is the case on the .downstream face of the neck, the
scarps left behind are rather steep.

The destructive effect

of erosion is most evident in the riverbed immediately downstream of the rapids.

Erosion here is very extensive and

caused by eddy currents emerging below the falls.

Soundings

indicate the presence of a local depression in the riverbed
of the order of 220 feet below river level adjacent to the
rock knoll.

4.2 -Geology
The bedrock at Muskrat Falls is Precambrian granite gneiss.
In addition to the rock knoll, other exposures are noted on
the right bank as shown on plate No. 1.
The Churchill River valley is preglacial in origin and is
believed to have been carved out largely by river action
prior to the Pleistocene epoch.

In ancient times the

channel ran along a course now occupied by the neck.

Erosion

along structural weaknesses in the bedrock possibly initiated
the diversion of the river to its present route.
Further reshaping of the valley occurred during the Wisconsinan
glaciation period, with the formation of till-like deposits
upon the valley floor.

As the glacier retreated, the sea

level rose while 'che land was s'cill depressed under the weig·h'c
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of the glacier.

The .inundation of the valley by the rising

sea .resulted in the deposition of marine and estuarine
sediments in an environment of saline and brackish water.
At Muskrat Falls, up to 330 feet of silt, clay and occasional
sand layers were laid down on the lowermost deposits.
With the isostatic rise of the land relative to the sea,
river action resumed and initially deposited fine:-grained
silty and sandy materials over the marine sediments.

The

continuing uplift of the land daused increasing rates of
erosion in the river cutting into the estuarine and fluvial
sediments, leaving behind the characteristic broad flat
terraces on either side of the channel.

Reworking by wind

action produced sand dunes which are found at about elevation 200 feet on the terraces and the neck of land.
At Muskrat Falls, the Churchill River was forced to flow to
the right of the bedrock knoll when it eroded the soft
sediments and cut through the bedrock to the present level.

4.3 - Overburden
The riverbank lying to the south of the falls is covered by
a relatively thin mantle (up to 50 feet) of fluvial and
estuarine deposits.
In the area of the neck, geophysical investigations indicate
an approximate maximum thickness of overburden of about 680
feet to bedrock below elevation 200 feet.

Immediately over-

lying bedrock there exists a glacial d:eposit of compact sand,
. gravel and boulders, having a maximum thickness of 180 feet.
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The overlying marine sediments, consisting chiefly of silty
clay, have a thickness of about 440 feet and terminate at
about elevation 140 feet.

Based on the results of geophysical

surveys, it is considered that the marine clay is plastered
against the rock knoll.

The lower portion of the marine

clay is stratified while the upper 80 feet is somewhat
distorted.

These two units ·are separated by a relatively

thin sand stratum which appears to be continuous in a horizontal plane.

The surficial portion of the neck consists of

an extensive blanket of sand overlying the marine sediments.
It is in the order of 40 to 60 feet thick.
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5 - HYDROGEOLOGICAL AND
GEOTECHNICAL CONSIDERATIONS

5.1 - Hydrogeological Aspe·cts
The field explorations of 1965 yielded a very limited
amount of hydrogeological information.

The information

consisted of a few water level measurements in borehole
MF-1 and mapping of some seepage zones.

In view of the

influence of hydrogeology on the stability and performance
of the neck as an effective water-retaining embankment,
an evaluation of the groundwater regime was made.
In the deposits constituting the neck, three aquifers are
distinguishable:
(a)

In the surficial sand layer overlying the distorted
marine sediments, a perched aquifer exists with the
groundwater surface
level.

approxi~ately

20 feet below. ground

This aquifer is directly recharged by the

infiltration of rainfall and snowmelt.

Due to lack

of relief and the precipitation of about 35 inches per
year, the rate of recharge should be high.
occurs toward the east and west flanks.

Drainage

The presence

of a spring and several erosional cuts on both sides
of the neck provides some confirmation of groundwater
activity in the uppermost zone.
(b)

A groundwater condition exists in the sand layer
separating the lower stratified and the upper distorted
marine sediments.

A piezometer installed in this layer

in borehole MF-1 in 1965 yielded a water level reaching
elevation 100 feet.

-
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This relatively high piezometric head indicates that
recharge into this aquifer must be from sources higher
than the river.

Potential sources of recharge may be

related either to the rock knoll or from the north
bank via hydrogeological windows or similar discontinuities.
(c)

An aquifer exists in the lo.west stratum of" sand,. gravel
and boulders.

Except for loss of drill water in bore-

hole MF-1, no other data exist as to the groundwater
regime in this zone.

5.2 - Geotechnical Considerations
The scheme proposed in the 1965 study recognized b7o factors
which were and still are of paramount importance to this
particular siting.

The first is related to safeguarding 'che

stability of the neck when it.is transformed into a dam
supporting a water load of about 130 feet.

Secondly,

provisi9ns are necessary to control the disturbance by water
of highly erodible soils during construction and on a longterm basis.
In dealing with stability, it is necessary to consider the
. geotechnical properties of the sensitive marine sediments
in. general and, more specifically, the governing strength
parameters which control failure.

To develop a methodology

for the present study, consideration mus"t be given to the
mechanism of landsliding at Muskrat Falls as well as recent
advances in the technology of marine clays.

- 12

5. 2 .l - Mechanism of Failure
To assist in understanding the causes of slope failures
at Muskrat Falls, existing plans and. geological maps
were studied.

This was .complemented by an examination

of aerial photographs taken in 1951 and 1971 covering
a stretch of the Churchill River from 10 miles downstream to 15 miles upstream of Muskrat Falls.

The

results of this investigation are summarized herein.
(a)

General .Observations
(i)

Numerous landslides of varying magnitudes
are noted.

In almost all cases of inter-

preted instability, it is notable that these
failures occur in landforms lying adjacent
to watercourses.
(ii)

As far as it is possible to discern from
aerial photography, changes in this 20year period from 1951 to 1971 had not been
extensive.

The major exceptions are the

slide on the left bank downstream of the
neck which occurred in 1965, and the slide
just upstream of the neck.
(iii)

Areas of maximum failure activity are
characterized by steep natural slopes,
toe erosion and by the existence of a
continuous capping of sand overlying thick
strata of marine clay.

Typical examples

are the neck itself and the left bank.

In

con·trast ,. the right bank at Muskrat Falls
appears free of failure activity.

Here,
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the natural slopes are gentle, the sand cap
is discontinuous and the underlying marine
clay is thin.

The present morphology of

the right bank is most likely the result of
a higher river level having washed away the
sand cap and flattened the marine clay slopes.
(b)

Types of Failure
Examination of air photos indicates the strong
probability that basically two types of failure
mechanisms are distinguishable.

One is caused by

groundwater erosion and the other by an external
watercourse such as the river.
(i)

Internal or surficial erosion is
caused by a groundwater condition in the
sand.

In its early stages, the water begins

'co erode the sand as i t attempts to emerge
at or above the boundary
clay.

~~>lith

the underlying

The seeps or springs continue to eat

away retrogressively at the sand.

The

process of decay in the bank leads to a
geometrical feature having a concave surface
with deeply carved out cavities.

Examples

of this phenomenon are noted on the
southern part of the downstream face of the
neck close to the rock knoll.

A spring was

was found in this cavity, in the 1965
investigation,, at the interface of the sand
capping and the distorted clay stratum.
scars are usually old and covered with
considerable vegetation.

These
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It is further thought that the area of the
three lakes north of the neck is probably
the product of this process rather than the
reflection of a bur.ied valley as inferred·
in the 1965 study.

Field investigations

are required to check this feature.
Topographically, failures of this type do
not ·conform with the classical flowslide
commonly associated with sensitive clays,
(ii)

External toe erosion is caused by the
velocity of a flowing watercourse.

Slope

.

failure is most active at the downstream
part of the neck where the eddy currents
below the falls have the highest velocities.
Erosion of marine clay causes gradual undermining of the toe of the natural

slope~

This release of support at the bottom of theslope ultimately leads to the formation of
tension cracks and subsequently the collapse
of the entire slope, including the sand
capping.

Where erosion is moderate, as on

the north bank upstream of the neck, the
slope failures are relatively shallow and
smaller.

It is notable that, where slope

failures of this· type are present, the
surfaces of the slip planes are bare and
· free of vegetation.
Given the right geological setting and
unfavorable strength, and sensitivity of
clay within the slope, a local initial
failure may cause a larger retrogressive
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flm1 slide.

Therefore, by preventing the

small initial toe slide, the larger retrogressive sliding can be controlled.
5. 2. 2 - Review of JYiarin'e Clays
This section is intended to deal briefly with major
recent developments in marine clay technology insofar
as these affect Muskrat Falls.

Research into sensitive marine clays was spearheaded by the Norwegian Geotechnical Institute
and its director, Dr. L. Bjerrum, starting about
25 years ago.

On the basis of laboratory investi-

gations and studies of actual Norwegian landslides,
general theories were proposed in 1961 dealing
with failure mechanism in soft marine clays.

Of

particular interest at that time was the Furre
slide which took place in 1959.

It was extensively

investigated and the findings were reported in
1961. 3 The main portion of the failure consisted
of a large flake of sand and silt sliding out
along a thin inclined layer of sensitive clay.
Slope stability calculations and in situ shear'
box testing indicated that the effective angle of
shearing resistance of the clay was less than 10
degrees.

This was considerably lower than the

range of 25 to 32 degrees obtained by conventional
triaxial testing.

In a presentation at the Fifth

International Conference on Soil Mechanics and
F.ounda'cion Engineering held in Paris in 1961, Dr.
Bjerrum stated that the effective angle of shearing resistance of soft sensitive clays was of the
order of 5 to 10 degrees.

4
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While further s.tudies were under way in Norway to
supplement the findings reported in 1961, there
was essentially little progress until 1966.

In

the 1965 study of the Muskrat Falls site, the
selection of 6 degrees to represent the strength
of the marine clay was therefore justified and
compatible with the .state of knowledge at the time.
In 1966, the results of further studies by the
Norwegian Geotechnical Institute into the Furre
slide were published. 5 • 6 These investigations drew
attention to certain anomalies in the testing as
well as other features which were peculiar to the
slide at Furre and not necessarily characteristic
of sensitive clay slopes in general.

For example,

it was found that the 10-cm thick layer of clay
along which the slide occurred was already stressed
to a critical value due to its natural inclination
of 8 degrees and the weight of overlying sand.
Also, the small initial slide at the toe caused
additional shearing stresses in the clay layer,
resulting in local undrained failures in parts of
the slope due to the low reserve strength of the
clay.

The spreading of this localized failure

occurring in progression leads to failure of the
overall slope with a huge flake of soil sliding
out toward

the river.

In a state-of-the-art report in l"ioscow in 1973
Bjerrum concluded that the flake-type failure
formulated at Furre represented a particular
condition in slope stability. 7 It is pertinent to
point out at this time that geological conditions
similar to Furre may be present in the lower
Churchill River setting.

However, conditions at

the neck itself, as currently known, are quite
different.,
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(b)

Canadian Experience
The years from 1966 to 1972 were of intensive
research in the field of Canadian marine clays.
Almost from the beginning of this period ·there
emerg.ed. the realization that despite some
similarities between the Norwegian and Canadian
marine clays, there were, nevertheless, distinct
differences. 8 • 9 , 10 Although both are highly
sensitive, Canadian clays are stronger and more
brittle due largely to a high degree of cementation
within the soil structure.

Table 1 represents a

summary of properties of sensitive clays from
various sources.

It is observed that in addition

to greater s.trength, marine clays from eastern
Canada exhibit significant preconsolidation
pressures.

These apparent preconsolidation pressures

are largely due to the presence of cementing agents
which bond particles together.

There .is now general

agreement that the higher strength is attributed to
cementation bonds.
A survey of literature further indicates that the
Muskrat Falls clay is one of the strongest of the
Canadian marine clays.

At small strains of about

0.5 to 1.5 percent, by far the larger strength
component is due to cementation bonds.

With

increasing strain, the bonds begin to break down,
leading to the development of pore pressures and
. general loss of strength.

At larger strains the

majority of the bonds are destroyed, and the clay
adopts a frictional behavior, with .little or no
undrained reserve .st.rength.

Therefore, if the

sensitive clay at Muskrat Falls has .not experienced
large

strains, the reserve strength should be

appreciable.
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PROPERTIES OF MARINE CLAYS

Property

Norway

Ottawa
60

36

30

-

50

32

19

20

-

25

22

9

10

-

25

10

45

57

Moisture content, percent

34

40

Liquid limit, percent

28

Plastic limit, percen·t:
Plasticity index, percent
Particles smaller than
2 micron, percent
Activity
Salt content gm/1
Undrained strength
Su, tonnes/m2
Sensitivity
Preconsolidation pressure
tonnesjm2
c'

, tonnesjm 2

q, ' , degrees

Muskrat

0.2

55

0.2

-

0.5

-(2

<1

1

4

-

10

>100

20

-

500

1

21

0.3
30

2
50
100
50

2
25

0.2

1.5

-

30

30

- 19

6 - ENGINEERING ASPECTS OF
PROPOSED 1976 SCHEME

6.1 - Shear Strength Parameters
As described elsewhere in this report, the shear strength of
6 degrees chosen in 1965 was based on knowledge of marine
clays at that time, which was largely derived from Norwegian
experience.

Unlike Norwegian clays which are very weakly

cemented, ·the Canadian marine clays in general, and Muskrat
in particular, are very strongly cemented.
I

The available strength results on the Muskrat clay are
summarized in Table 2.

These comprise the work carried out

by Acres Canadian Bechtel (ACE) in 1965 and results published
11
by the Norwegian Geotechnical Institute in 1966.
The
triaxial test by ACE appears to have been performed using
high confining pressures which probably resulted in the
breakdown of cementation bonds.
To supplement these data, a limited test program was carried
out in this study and aimed exclusively at obtaining the
effective shear strength parameters for both the peak and
residual states.

Drained triaxial and shear box tests were

performed on a block sample from test trench Nl3, which was
preserved in Acres Geotechnical Laboratory in Niagara Falls
since 1965.

·Low confining pressures were used in ·testing to

ensure that soil structure did not break down prior to
failure.

It is noted that the moisture content of the clay

from the same block showed almost no change over the 10-year
preservation period.
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TABLE 2
EFFECTIVE STRENGTH PARAMETERS
OF MUSKRAT FALLS MARINE CLAY

Type of

Peak

Tes·t

¢'

Acres Canadian
Bechtel (1965)

Triaxial

35

0

Norwegian Geotechnical
Institute (1966)

Triaxial

31

2.6

Acres Consulting
Services ( 197 6)

Triaxial

27

4;1

27

2.2

Shear Box

26

1.1

24

0.5

Residual
c'
¢'
c'
(deg) (psi) (deg) (psi)

Shear Box

31
27
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Although much testing will be required, it can be .tentatively
concluded from Table 2 that the effective cohesion intercept
varies from l to· 4 psi _(ignoring c' in the residual case) and
that the minimum effective angle of shearing resistance is
24 degrees.

6. 2 - Design Methodology
The analysis of the stability of natural slopes requires
knowledge of a complex set of factors comprising geometry,
groundwater condition, shear .strength and others.

This is

a difficult undertaking, particularly for Muskrat Falls
where actual field information is limited.

The basic

methodology adopted in this study involved two steps.
Firstly, the existing natural slopes in the neck are
analyzed with the presumption that the minimum factor of
safety is about unity.

Secondly, the stabilizing treatment

is determined on the basis of improving the existing
stability by a factor of approximately 30 percent.
In applying this design methodology, the procedure was as
follows.
(a)

Select one or more slope sections which represent
existing conditions at the neck.

Evaluate the

stability of these slopes for a range of strength
parameters with suitable loading conditions to account
for what is currently believed to be the prevailing
hydrogeological regime.
(b)

Identify -the loading conditions which produce a factor
of safety of about 1.0 for the existing conditions.
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The strength parameters must be reasonably consistent
with current knowledge of marine clay.
It may be argued that

the

assumption that the existing

slopes are only just stable is conservative, in that
this is probably true only of certain sections of the
neck.

Without the benef.it of on-site reconnaissance

and exploration, i t is not possible to identify
precisely those sections which are critically distressed.
(c)

With the strength parameters obtained from the
analysis of the stability of,the existing slopes,
proceed to establish the fill requirements to provide
the neck with adequate long-term stability under full
reservoir.

The long-term factor of safety would be such

as to improve the existing stability by a minimum of
about 20 percent while recognizing that the actual
factor of safety should also be

of

the order which is

acceptable in a conventional dam design.
(d)

The slope stabilization measures should include suitable
internal drainage as well as foundation pressure relief
in a form that ensures the design assumptions are met
·and can be monitored.

(e)

As a further guideline, all elements of the design
must.comtemplate that construction sequency is such
that no activity will cause reduction in the existing
stability of the neck.

(f)

Make adequate provisions for erosion protection.
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6.3 - Stability Analyses of
Exis·ting Slopes
In the vicini·ty of the pool. downstream of the falls, the neck
of land rises to 180 feet or more in height.

Plate No. 2 shows

the ·two basic types of slopes which are distinguishable.
Section A-A represents that part of the neck in proximity to
the rock knolL

It is covered by vegetation growth, and

located approximately half way up the slope is a beach
measuring about 100 feet in width.

The interpretation made

in 1965 was that this berm constituted the remains of an
old failure which has blocked the downstream exit of the
fine sand and silt layer.
Section B-B, in contrast, is typical of the northern section
of ·the neck.

As seen on aerial photographs, it is bare of

vegetation and is not interrupted by berms.
the

In both sections

inclination of the intact slope is about 35 degrees from

the horizontal.
At present, the river level on the upstream side of the neck
is about 52 feet higher than on the downstream side.

In

·evaluating stability, a steady seepage state was assumed
and accounted for by estimating the phreatic water surface
across the neck.

The uplift in the fine sand and silt layer

was estimated on the basis of what is novl believed to be the
hydrogeological characteristics of the neck.

The effective

strength parameters for the fine sand and silt are taken
as c'

=

0,

¢' =

30 degrees.

In all cases, stability

calculations were made using a computerized program for
the Janbu analysis.
The graphical plot given on plate No. 2 shows the variation
in the factor of saf.ety for a range of ¢' and a constant
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=

value of c'
sections.

2 psi for the clay component of both

For a factor of saf.ety of l. 0, 'che required ¢ '.

value is 24 degrees for Section A-A and 27 degrees for
Section B-B.

For the purpose of this .study, the parameters

selected for design are c'

=

2 psi and ¢'

=24

degr.ees.

Using these parameters and the loading. conditions indicated on
plate No. 2, the minimum factors. of safety for the downstream
portion of the neck are 1.02 and 0.96 for
B-B respectively.

Section~

A-A and

It is noted here that these factors of

safety do not necessarily reflect the actual stability of
the neck . . Rather, they establish a base against which
improvements can be evaluated.

It is likely that the

reserve strength provided by cementation bonds within'the
clay as a massive deposit will result in greater stability.
The existing upstream slope is adequately stable and
therefore the treatment will be confined to nominal slope
trimming and erosion protection.

6.4 - Proposed Scheme and
Construction Aspects
The proposed scheme for the neck of land involves treabnent
of the foundation soils as well as stabilizing the slopes.
Details are presented on plates No. 3 and 4.

6.4.1 - Foundation Treatment
(a)

Very little is known about the layer of sand,
. gravel and boulders underneath the neck.

Of

primary importance to ·the design is the hydro-

-

geological charac-ter of this deposito
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li'Jater

losses encountered in 1965 in drilling the upper
portion of this layer imply that it is a pervious
aquifer.

Using the results of investigations at

the Gull Island sites and Goose Bay, as well as
regional geologic data, an attempt was made to
determine the continuity upstream of the deposits
at Muskrat Falls.

The tentative conclusion is

that the mantle of marine sediments overlying this
aquifer probably extends several miles upstream,
thus providing a natural impervious blanket.
Under these circumstances a seepage'cutoff in the
aquifer would not be necessary.

The validity or

otherwise of this assumption will have to be
thoroughly investigated.

Pumping tests conducted

in the aquifer will furnish evidence as to the
continuity of the clay blanket and whether or
not windows exist causing direct access from the
river to the aquifer.
(b)

All the sediments overlying the lower aquifer are
uniformly graded,

fine~grained,

and rich in silt.

They are highly erodible and susceptible to piping.
It is probable that the body of stratified marine
sediments below river level will contain numerous
layers of stringers of fine sand and silt.

A line

of relief wells along the downstream side of the
neck has been provided to reduce and control
hydrostatic uplift pressures.
The relief wells are located so that they are
accessible for monitoring and maintenance.

The

yield from the wells. is released through slots
situated in the drainage zone.

The wells would

-
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be of the order of 3 to 6 inches in diameter and
spaced at 25- to 75-foot centers.

They will be

suitably slotted throughout their length.

The

drilling and installation of the relief system
should be straightforward.

6.4.2 - Stabilizing Fill
(a)

The crest of the neck will be excavated to
elevation 160 feet.

The removal of this load

will be advantageous in enhancing the stability
of the slope during construction.

However·, the

chief objective at present in excavating the crest
is to provide fill for the berm.
(b)

For the downstream slope, the proposed scheme
comprises largely a weighting berm of fill resting
against the slope and in the riverbed downstream
of the neck.

It is suspected that the upper

sediments in the riverbed are reworked and will
offer little resistance to the superimposed load
of a berm.

Removal of the loose compressible

sediments to a competent foundation by dredging
or other means is costly and technically unwise.
Any excavation at the toe of the slope or riverbed
carries the risk of triggering sliding activity
or, at best, weakening of the slope.

Instead, it is

proposed to achieve maximum displacement of the
loose sediments.

This procedure will probably

cause the buildup of a mud wave in fron·t of the
fill.

The .mud wave can then be removed period-

ically as necessary.

However, the design must

nevertheless be based on the existence of a
trapped layer of loose soil which could not
effectively be displaced.

-

(c)
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The intent of the proposed scheme is to remove as
much as possible of the failed or disturbed
material to expose the fine sand and silt layers
above the river l.evel and to introduce a drainage
blanket on the slope.

For the. greater part of

the neck, represented by Section B-B, the existing
slope requires only trimming and shaping prior
to the application of the drainage blanket.

For

the southern portion of the neck, represented by
Section A-A, the failed material now blocking the
fine sand and silt layer must be removed.

Under

present conditions, this berm acts as a stabilizing
weight and its removal will be critical.

Therefore,

in order to maintain the integrity of this slope
during construction, it is proposed to reduce the
driving load by locally excavating the crest to
elevation 120 feet as shm,m on plate No. 4.
In view of the finely grained nature of existing
soils, a transition zone of sand will be required.
Its principal function is to prevent migration of
fines.

This will be followed by a drainage zone

of sand and gravel or crushed rockfill.
(d)

The primary purpose of the stabilizing berm is to
impose a weight to buttress the slope.

Therefore,

it can be constructed of a wide range of materials.
Silty fine sand is readily available from the
crest of the neck and the left bank.

This

ma·terial is likely to present handling difficulties
during construction as well as being erodible.
utilization in the berm will require the

incorpo~

ration of addi·tional zones to protect the drain
and the exposed slope.

Its
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One alternative is to utilize sand and gravel.
However, potential sources such as the sand bars
have not yet been explored.

Rockfill will be

available from excavations for structures, but
delivery of this to the neck will require access.
In considering the rock knoll as a quarry for
rockfill,

there is some concern that blasting

activity may be detrimental to the stability of
the marine sediments in tbe neck.

There exists

some experience with rock blasting close to
sensitive clays.

For the present, the matter of

blasting in the rock knoll and the effect of
repeated shocks on the stability of the neck
should be studied and investigated.

Should cost

studies indicate significant savings, it would be
desirable to carry out further work, including
test blasts, to evaluate the viability of this
procedure.
(e)

A summary of the fill quantities for the 1965
and the scheme now proposed is given in Table 3.

6.5 - Stability Analyses of
Proposed Scheme
As discussed in Subsection 6.3, tbe effective shear strength
parameters for the marine clay of c'

=

2 psi and ¢'

=

24

degrees were found to generate factors of safety o'f about
unity for existing slopes.
In most conventional soils, strength parameters determined
in this manner would be adequate in investigating slope
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TABLE 3
SU~~RY

OF QUANTITIES

Quantities in Cubic Yards
1965 Scheme

1976 Scheme

Rockfill groin

5,600,000

3,200,000

Upstream and downs-tream
fill

7,900,000

.5,000,000

Dredged fill

15,800,000

Total

29,300,000

Pressure relief weli,
lin ft

8,200,000

16,000
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stabiliz.ation alternatives.

At Muskrat Falls, a number of

factors may adversely affect the strength parame.ters.

It is

possible, for example, that the layer of distor·ted marine
sediments may contain thin irregular lenses of fine sand
and silt and that local uplift pressures may be set up on
impounding which are in excess of those assumed.

Also, the

effect of distortions and anisotropy on strength is not
clear at this time, and the possibilities exist for the
occurrence of fissures and macrocracks in the marine deposit.
Another consideration revolves around the strains imposed
on the marine clay as a result of impounding and the
effectiveness of the berm in restraining deformations within
tolerable limits.
The influence of these and other considerations on strength
parameters should be examined in the detail design stages.
Fo'r the purpose of this report,. it is considered prudent to
adopt a slightly reduced angle of shearing resistance,

¢' = 20 degrees, while maintaining c' at 2 psi.
Using these parameters, the long-term stability of the
stabilized neck was investigated.
on plate No. 5.

The results are presented

Also shown are the loading conditions in

terms of seepage and uplift due to a reservoir level of
130 feet.

The calculated factors of safety for Section A-A

and B-B are 1. 36 and 1. 33 respectively.

These values

represent an improvement of the order of 30 percent over
existing conditions and are considered satisfactory.
In referring to plate No. 5, it is noted that, due to the
considerable width of the neck and the relatively low
permeabili'cy of the sediments, an increase in the head pond
elevation above 130 feet will .not significantly increase :the
loading conditions due to seepage and uplift.

It is
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concluded that the effect of altering the reservoir l.evel
by about 5 to 10 feet on the stability of the marine clay
will be minor,

Therefore, in optimizing head pond elevations

at Muskrat Falls, considerations other than the stability
of the marine clay should g.overn,

6, 6 -

Rockfill Groin

In this study, a brief review was carried out to reassess
the size and function

of the rockfill groin,

In the 1965

scheme, the groin was required to provide support for the
sand fill as well as to prevent a larger downstream eddy
against the north bank.

For the scheme proposed in this

report, the function of the groin is intended solely to
reduce and control erosive eddies in the bay downstream of
the neck.

It was concluded that a shorter groin as now

proposed would be effect:ive in shifting the circulation
pattern farther downstream and away from the neck.

Hydraulic

model testing will be necessary to design this type of
erosion protection.

6.7- Additional Potential Economies
In addition to the potential reduction of fill quantities
required to stabilize the marine clay formations, and the
reduction in quantities of the rockfill . groin, there are
o'cher potential reductions in the cost of the development
which are related to this solution.
to the reduced quantities of

They relate principally

rockfill required in the groin

construction and the redirection of spilh1ay flo;,ys away from
the toe of the slopes and the groin which i-Jill no'c now be
required to the same degree.
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A modification in the layout of the spillway and powerhouse
can now be considered

which will realign the spillway and

powerhouse to follow more closely the rock shoreline of the
right bank downstream of Muskrat Falls.

This will enable the

best balance to be struck between excavation and concrete
construction .for these structures, with less requirement for
rockfill

for use in groin construction.

Reduction of the rock excavation volumes in the spillway and
diversion facilities will ease the construction schedule for
these works·, and the r~uced requirement for rockfill
orginating from south of the first stage of diversion will
reduce the cost and schedule problems of diversion and of
handling or stockpiling this material.

The original 1965

report does not provide details of the source of rockfill
or the scheduling of diversion stages, but it is apparent
that there is no ready source of rockfill

other than that

which can be obtained south of the first-stage diversion.
Within the limited objective of this report, no attempt
has been made to assess the potential value of any of these
modifications.

-
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7 - RECOMMENDED INVESTIGATIONS
AND STUDIES

In undertaking this study, it was necessary to make
assumptions in those areas where information was lacking or
insufficient.

It is apparent from this report that extensive

use was made of aerial photographs, regional geological maps
and reports, and data from 1965.

Interpretations of probable

failure mechanisms from aerial photographs must be viewed as
preliminary,. and complementary field verifications ar.e
essential.

It is likely that further investigations and'

studies may determine that certain current assumptions
require modification, or that other new factors may emerge
and require consideration.
This part of the report is intended to outline the areas
where additional information is necessary in order to
develop a scheme from which a more refined capital cost
estimate can be prepared.

Information of the type required

for final detail design is beyond the scope of this
report.

7.1- Field Classification
of Failures
In any region

such as Muskrat Falls, where landslide

activity is extensive, there are usually identifiable
phenomena which cause slope failures.

Field reconnaissance

of landslides is a fundamental requisite and must precede
12
actual drilling exploration.
It should be carried out by
. geotechnical engineers experienced in marine clay technology.
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Initially, the work consists primarily of a field program,
with some office support.

The field program should include

the following:
(a)

On-site examination of the neck of land, mapping of
soil strata, stratigraphic .boundaries, evidence of
distress and undermining, zones of seepage and other
related features.

In most instances, surveys will be

made to assist in the analysis of data.
(b)

Field reconnaissance of landslides on both banks and
inland, to permit a broad categorization of failures
upstream and downstream of Muskrat Falls.

Of these,.,

some landslides with special characteristics will be
selected for intensive study as in (a).
(c)

No drilling will be done at this stage.

However, some

test trenching is anticipated,.using a small backhoe or
dozer.

Also, a limited amount of sampling and routine

laboratory testing are envisaged.
Related office engineering should include a detailed study
of aerial photographs and geological maps in preparation for
the field program.

In addition, slope stability of

representative landslides and classification of types of
failures will be made, as well as preparation of drawings
and a report.
It is believed that the results of this work will be significant in two ways.

Firstly, the appreciation of the major

factors causing failure :i,s of immense value in determining
and refining the stabilizing treatment.

Secondly, planning

for a drilling investigation will be facili'cated by focusing.
at·tention on the specific aspects that gove;rn stability.
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Subsequent to the initial field studies, reconnaissance of
landslides would continue,in varying degrees, through other
phases of explorations and construction,

7.2 - Sources of Construction
Material
In view of the quantities of fill required for stabilization
and erosion control, knowledge of types and location of
cons.truction materials is critical in cost estimates.

This

phase of the work is of a preliminary nature,. and its purpose
is to prepare an inventory of all sources of usable materials
found in the vicinity of the development.

Field investigation,

therefore, will be confined to field reconnaissance, some
test trenching utilizing small excavation equipment, and
routine identification testing.
Also of importance to estimating costs is the technical
feasibility of transforming the rock knoll into a potential
quarry.

This work can be carried out independently of the

above.

It consists purely of an office study without test

blasting or field instrumentation.

The study should

investigate the effects of a large number of shocks on the
properties of the Muskrat Falls clay.
made to known precedents.

Reference will be

A limited testing program should

be included to determine the influence of dynamic loading on
the shear strength properties of the marine clay.
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7.3 - Hydraulic Nadel Testing
The cost of providing a rockfill
erosion is substantial.

groin for control of

Verification of the minimum

requirements is recommended by studying various alternatives
using model -testing.

Actual modeling should be preceded by

up-to-date soundings of the floor of the downstream pool as
well as some measurement of currents in this area.

7.4 -Field Investigations
The scope of field investigations depends on project
circumstances; however, its purpose and need should emerge
from the previous phases of investigation and the problems
associated in optimizing the design.

It would include

drilling of boreholes, test trenching and laboratory testing
in the following areas:
(a)

Two to three landslides representative of conditions at
the neck and along the banks.

This should include the

installation of piezometers to furnish data on groundwater regime.
(b)

Construction materials to prove that the quality and
yield from borrow areas will adequately meet the demand
for fill.

(c)

The neck of land where work is. needed to
(i} . establish depth of sediments along the neck
and prove bedrock by actual drilling
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(ii)

determine more precisely ·the thickness,
continuity and frequency of occurrence of
the fine sand and silt layers, throughout the
marine clay

(iii)

obtain undisturbed samples of the full depth of
the marine clay, both the tipper distorted and
lower stratified types.

Identify problems

associated with distortion, and examine samples
for possible fissuring.
continuity of

cla~

Evaluate lateral

in particular where it abuts

against the rock knoll
(iv)

establish the nature and properties, particularly
shear strength, of the sediments downstream of
the neck below water level

(v)

obtain samples for the purpose of evaluating
the geotechnical properties of the lower aquifer.
By means of a water well and suitably located
piezometers, carry out pumping tests in order to
define the hydrogeological characteristics of
this deposit

(vi)

evaluate the possibility of a buried valley of
the area of the three lakes to the north of the
neck.

Pla·te No. 6 shows an approximate layout of a typical investi. gation for the neck.

Investigations for the concrete and

other structures are not included.
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