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. vii
SUMMARY

This thesis is an extension of previous studies of a
typical failed clay riverbank in the Winnipeg area in order
to recommend possible remedial measures once the causes of
failure are known, |

From the re-examination of previously reported data,
more recent data, static water well levels in a nearby wéll,
daily precipitétion and earlier work By others, it concluded
that: |

1. residual shear strength values should be used in
analyzing a failed riVer bank in clay and in the design of
remedial measures,

2. a lowering of piezometric levels in the bank by
drainage, especially at the toe, and improving the surface
of the slope to facilitate the run off of surface water
should result in improvea stability,

3., stability of a clay bank may be maintained~or
imprbved‘by increasing the developed shear strength through
decreasing the loads on the bank or increasing the resistance
at -the toe and pre&enting,loss of soil at the toe.
| A review of ekisfing litérature indicated a number
of possible methods of stabilizing a cla& riverbank; iec€s
counterbalancing with;a toe berm, reduction of the slope
angle and/or height of bank{‘drainage of the embankment to
reduce pore pressureé, protection of the toe of the slope

against scour, retaining structures, chemical stabilization

and eliminatinz or reducing drawdowns. Where applicable
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local examples of éome of the above remedial measurés are
referred to. Also photographs were taken of a number of
existing remedial measures along the rivers and streams.
in Winnipeg. The relative success of the various remedial
works is appraised in light of:the conditions at Tache Avenue,

Of the possible remedial and pf&tective measures re-
viewed, counterbalancing the weight of the bank by means of
a toe berm is considered most applicable. Chemical stabi-
iization by means of electro-injection also appears appli-
cable. However, because of the uncertainty of chemical sta-
bilization in clays, it is recommended that it be initially
considered for a test site. COﬁnterbalancing and chemical
stabilization are usually considered for relatively short
reaches of riverbank. Fér a moré general benefit to river-
banks throughout Winnipeg, it is recommended that consider-
ation be given to a study of the feasibility of a fixed
crest weir at Lockport to replace the present St. Andrews
‘locks as a means of improving the stability of the river-

banks by eliminéting the fall drawdown.



CHAPTER I
INTRODUCTION

The City of Winnipeg, like many older cities in
Canada, had its origin on a majbr'watercourse. Winnipeg,
as a matter of fact, grew up along two major waterways, the
Red and Assiniboine Rivers-as shown on Figure 1. As the
city grew in size, the property along the riverbanks became
more and more attractive for private property, apartment
blocks and parks. A major concern in construction along
the riverbanks has been, and still is, the instability of
the banks.

In his 1960'survey of 141 riverbanks along the Red
and Assiniboine Rivers in Winnipeg, Mishtak (1) found that
approximately six sites appeared to be stable, il.e. not
showing signs of previous failures or evidence of recent
movement. This féct was also noted.in 1961 by Baracos (2)
who stated, "The extent of unstable banks is such ... that
practically every bank on an outside of a riVer curve has
either been affected by an old slide, or is presently sliding,
or has réquired stabiiizing measures”. Frequently banks
have stood up for years only to mqve suddenly ddwnslope‘with ‘
little warning. Others appear to have undergone a long his-
tory of creep followed by a sudden movement,

Considerable difficulty has been experienced in an-
alyzingbthe faiied bénks and in determining the safety factor

“of a stable bank. Most of these difficulties stem from a
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limited knowledge of the internal forces causing and resist-
ing failure. In an attempt to understand the failure-causing
forces or loss of sfrength,'stqdies were recently undertaken
" by Van Cauenberghe (35 and Janzen (4) to investigate the pore
pressures in a number of fypical riverbanks in the Winnipeg
area and to analyze the stability of the banks using measur-

ed field pore pressures, slope indicator data,'and strength
parameters as determined by direct shear tests,

Three sites were investigated:’a St. Vital site, and
two Tache Avenue sites. An intensive program of instruments
ation and analysis.was undertaken at each of the sites by
post-graduate students of the:Civil Engineering Department
~of the University of Manitoba under the direction of Professor
“A. Baraccs, with the help of both federal and provincial
government agencies.

This thesis is an extension of previous thesés by
Van Cauenberghe (3) and Janzen (4) Qith particular reference
to the Tache Avenue riverbank. A number of possible remedial
measures will be presented and commented on with a view to

implementation at the Tache Avenue riverbank.



CHAPTER II -

HISTORY

Most of the riverbanks in the Winnipeg area have a
history of failure androf attempts, some successful, some not,
to prevent further movement. The Tadhé Avenue site, illust-
rated by Photograph P1, may be considered typical of many
. such sites, |

Little recorded information was found regarding the
site prior to 1950. A photograph.(PZ) of the riVerbank taken
in 1858 shows a steep, uﬁgrassed bank without any trees,

- The ungrassed bank appears typical of banks having undergone
recent movemént. |

There is evidence of more recent movements and the
remedial measures émployed‘in an attempt to stop it. A
photograph (P3.1) of the bank taken in December of 1959 shows
a row. of vertical timber piles at fhe water's edge. The
deterioration of the pilés would indicate that they had been
placed some time prior to the time of the photograph. A
~ photograph (P3.2) taken of the site in 1971 indicates the
apparent ineéffectiveness of the piles to prevent further
movemenf. .

During the 1950 flood in Winnipeg, dykes were consir-
ucted along Tache Avenue and behind the.St. Boniface Hospital
to the éouth. After the fiood waters receded the dykes were

-removed., However, work was soon started to construct a per-

manent dyke behind the hospital. Waste fill, which covered
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the area.was removed aﬁd replaced by clay to final gradé;
Shortly after completion of the dyke the riverbank failed
and the dyke sudsided several feet. To stabilize the fail-
ed portion of riverbank,‘up tévten feet.bf limestone rock-
£i1l was placed at the toe of the slope and extended well
into the river. The dyke was then reconstructed with a se-
ries of narrow berms and bfought up to grade with a reduced
top width. This stabilized portion of the riverbank appears
stable to-date. |

In 1957 an investigation was\carried out to study
the feasibility of .paving Tache Avenue in light of the in-
stability of the riverbank. A consultants®' report corclud-
ed that with proper précautions taken for the diversion of
surface water there should be little‘problem in paving the
street. |

In 1959 thé Water Contreol and Conservation branch of
the provincial Depaftment of Agricuiture investigated a re-
port -of new movements in the bank along Tache Avenue. Photo-
graph, P4.1 shows the extent of the movement. The investiga-
tion was preliminary in nature”and outlined a program of fur-
ther investigation to be_undertakeﬁ9 However, no action ap--
pgars‘to have been taken at this time. A photqgraph,'Pu.z
taken in March of 1971 shows the same bank with an establish-
ed growth of grass and small trees. The curvature of the
tree trunks is an indication of the continuous creép move-

ment undergone by this bank.
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‘In 1961 Tache Avenue was paved. ' Street drains were
installed with pipes beneath'thebroad, discharging out on-
to the slope at a lower elevat{dn, At about the same time
a new water main was installed élong Tache Avenue.

In the spring of 1966, another flood of considerable
magnitude required that temporary dykes again be construct-
ed along Tache Avenue. No.major movements were reported ‘at
this time. . ,

In 1969 the Soils»Section of the Civil Enginéering
Department of the Univérsity of Manitoba under Professor
A. Baracos set up a program to investigate this site.

With fundé made. available by the National Research Council
a line of piezometers was installed approximately 100 feet
north of Rue Despiﬁs and running'perpendicular to the slope.
~ Along the same line, two slope hole indicators were instal-
led with technical assistance and engineering services prd—
vided by the Water‘Resources Branch of the provincial Dep-
_aftment of Mines and Natural Resources. The Water Resources
Branch also installed a grid of.alignmeﬁt piné to monitor
surface movements in the slide area.

In 1970 additional‘instrumehtation was undertakeh
by the University with the financial assistance of the fede-
ral Department of Public Works. instrumentation at this site
consisted of eight piezometers and two slope indicators.

In the winter of 1972-73 the City of Winnipeg imple-
mented remedial'measures along Tache Avenue in accordance

" with recommendations of consultants hired by the City.
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Timber piles, closély spaced{ were placed in pre-bored holes
up to 30 feet deep and then driven into the grouﬁd an add-~
itional 6 feet, along the west edge of Tache Avenue from
ﬁue Despins to Ave'de 1a Cathedrale. The riverbank was re-
shaped from Ave de la Cathedrale‘to Provencher Avenue. A
rock counterbalaﬁce was piaced at the foe of the slope from

Rue Despins to Provencher Avenue.



CHAPTER IIT

TOPOGRAPHY AND SOIL CONDITIONS

The topography at the Tache Avenue sites is shown
on Figure 2. The contours are based on a 1951 survey and
are shown to illustrate the topography-in the general vici=
nity. Cross-sections were taken through the failure area
in 1969 and are located as shown on Figure 2. A survey of
the area in 1972 indicated that little of no change in the
topography had taken place since 1951 except in the immed-
iate vicinity of the failure. |

The failure is on the outside of a bend in the river
just downsfpeém of where the Assiniboine.River enters the
Red River from the west,. The width of the river at this
| point is approx1mately 750 feet from top of bank to top of
~bank. The top of bank is at approxzmately elevation 755,
The lqwest p01nt in the river is at approx1mately elevation
718 and is approximately 450 feet from the east bank. The
slope of the bank is roughly 5:l.

There is considerable evidence of bast instability
of the bank as is indicated in Photograph,iPl. The photo-
_ graph shows tﬁat in 1971 the failure extended from the pump-
ing station at Rue Despins to almost the Provencher Avenue
bridge, a distance of about 1500 feet along_the top of the
bank. A much older, well-grassed-in failure scarp may be
noted in the photograph,. Evidence of movement was also

obvious from cracks in the pavement.
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'Fufther north towards thé Provencher Avenué bridge.‘
the former failures had also become well grasséd-in; however,
some fresh cracks were evidenf. Although the banks here
are much steeper than the banks further south, no iarge
movements had taken place. |
A subsurface investigation was carried out in the
failﬁfe area in 1969 and 1970 in conjunction with the in-
strumentation of the bank. The boreholes'were logged and
a generdl stratigraphy of the bank may be represented by
three so0il logs superimposed on a typlcal cross-section
through the bank. The cross-section was taken at Line 3,
located as shown on Flgure 2. The typical cross-section
is shownvas.Flgure 3. The three boreholes used to descrlbe
the soil conditions at the top of the bank, on the slope
and on the 1ower‘bénk are TA-5, TA-3 and TA-1 respectively.
The locations of the boreholes are shown on Figure 2
_ Borehole TA-5 was taken as fepresentative of the soilv
conditions in the "undisturbed" porfion of the riverbank, |
back of the ekisting failure., The top of the borehole is
" at elevation 756.5. The soil log and properties are shown
on Figure 3. | |
Borehole TA—B was located within the failuré itself.
The top of the borehole is at levatlon 740.0 and the bottom
of the borehélé at "auger refusal". The soll log and SOll

properties are shown on Figure 3.
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- The third borehole, TA-1 was located approximately
- one-third of the way up the slope from the toe and still
within the failure: The top of the borehole elevation was
742,5, The log is shown on Figure 3. |

Considerable 1aborafory testing was carried out on
sampleés obtained in the subsurface investigation., Moisture
"~ contents were obtained on almosf all samples with class-.
ification tests on-representative samples., The greater
part of the testing dealt with obtaining strength parameters
by means of direct shear tests, These were carried out in
the Soil Laboratory‘éf the Civil Engineering Department of
the'Univefsity of Manitoba and detailed précedures are re-
pbrted elsewhere, Janzen (4). Other testing was carried out
by the Water Resources Branch, prov&ﬁcial Department of Mines,
Resources and Environmental Management. These included Atter-
berg limits, moisture céntents and unconfined'compressive
strengths. A summary of all the laboratory test resulfs
are presented in Table I.

It‘shouldvbé noted that in the summary of data of
~the‘till material, no effort>was made to differentiate be-
tween the consolidated.and‘uncohsolidated tille This may
help to explain some of the range of values. '
| In addition to the general soil conditibns, it is
of some interest to note some of the pecularities found in
a number of the boreholes. In borehole, TA-1 it was found
that the thin-walled tube sample taken at the 10 foot depth
contained an abrupt demarcation at 45 degrees to thé vertical

near the bottom of the tube. The break was denoted by a shiny
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surface and the distinct difference in:co1our of the soil
above and below the demarcation. Above the shiny surface
the soil was mottled brown andegrey, while belcw, the soil
was grey. The thickness of the grey layer can only be es-
timated since the nexf sample was taken' four feet below
the previcus sample and it.contained oﬁly brovn clay.

In the same borehole the highly plastic clay from
a depth of 22 feet to 31 feet contained an extremely high
moisture conteﬁt. especially at the 25 foot depth. |

In borehole, TA-5 it was noted that augering became
very difficult at a depth of 30 feet below the ground sur-
face. It was recorded as a "possible gravel seam"; however,
this was never confirméd.

Another point that should be noéed is the depth of
fill as indicated by the boreholes, The thickness of the
fill material varied from negligibleé in TA-5, back of the
failure, to as muéh ag 15 feet in TA—B, in the center of

the failure,



CHAPTER IV

INSTRUMENTATTION

Three types of instrumentation were employed at the
Tache Avenue sites to monitor the pore pressures in the river-

bank and the movements of‘thé bank.

A, Piezometers

Two main lines of piezometers Were.installed in the
section of riverbank under investigation in 1969-70. They
are identified‘as.sites 1 and 2 in this thesis.

The first line of piézometers was installed near thé
gouthern edge of the failure. The siteis shown on Figure 2.
The location was chosen in order to obtain as long a period
of observation-.as possible before the instruments were des-~
troyed by the movements of‘the bank. Therefore, a site was
chosen where movement was at a minimum, but some movement
was definitely taking place. It was hoped that readings
could be obtained over a period of fime encompassing a flood,
a spring drawdown and a fall draﬁdown.

This line of observation cbnsisted of .ten riezometers
loéated in croés-section as shown on Figure 4.1. The piezo-
meters that were installéd are known as Thorpieibméters. The
Thorpiezometers opefate by measuring the-air pressure re-’
guired to close a hydraulic system within fhe unit, i.e.-the
pore pressure is measured by thé air pressure required to
close the system. The piezometers are claimed to be non-

displacement, negligible time lag instruments. A more de-
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. tailed description of the 6peration'is presentéd by Van
Cauenberghe (3). | |

The second line ofupiezometers was located ét Site 2
on Figure 2. It consisted of eight piezometers driven to
depths as shown on Figure 4.2. |

All the peizometers were read ffom two to five times
a monfh with the greater number of readings'in'the spring
and the fall. The readings were recorded.and plotted as
total head versus time. A daily record of river levels in
terms of elevation was also plotted. versus time in order

* to compare the effect of the river levels on the piezometer

levels., The data are presented in Appendix A.

B, Slovpe Indicators

A nﬁmbér of slope iﬂdicator pipes were installed in
the bank at both the sites described previously. '‘he slope
indicator pipes have interior longitudinal grooves at 90
degree spaéings and are placed into'vertical boreholes. A
precision instrument, one-half of a Wheatstone Bridge, is
.loweréd down the pipe aligned with the grooves, and stopped
at predetermined intervals. Readings are taken by means of
the other half of tﬁe Wheatstone Bridge. A sepafafe set
of readings is taken fof'each of the grooves.v The differ-
ence in readings between oprosite grooves determines the.

. inclination of the pipe in the ground. The lateral movement
over each interval of depth is determined by multiplying

the difference in readings for consecutive readings by a
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constant which is dependent on the depth interval and an
instrument calibration factof. Total movement at any depth
is the summation of the individual movements relative.té.some
fixed point. The procédure>for calculating the movement at
some point is described in more detail in Appendix D. The
piot of the movementé relative to the initial readings is
used to locate the plane or zone of movement in the bank;

Two slope indicator pipes were installed at Line 1
of Site 1 at the locations shown in plan on Figure 2. and
in section on Figure 4,1, Both slope indicator pipes were
anchored in the hard'till beneath the clay and may be con-
sidered as fixed at the tip.

Another, two slope ihdicator pipes were installed at
Site 2. The locétiéns in plan are shown on Figure 2 and
in cross-section on Figure 4.2. These were also anchored
in the hard till, and méy be considered fixed at the tipé.

The slope indicator pipes were read at least once‘a
month, except during periods of high water, when saéme of
them were submerged. During the fall drawdoWn,'additional
readings were taken. The observations have been plotted as
vdeflectioh versus depth at speéific~time intervals and also
‘as deflections versus time. ‘The dataare presented—in Appen~

dix C.

¢, Alignment Pins

To check on the surface movements of the slide mass

a grid of iron pins (one inch in diameter by three feet long)
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.were installed in five lines at 100 foot intervals along

the riverbank as shown on Figure 2. Each line.consisted

of five pins extending froh béck of the pavement on Tache
Avenue, where movement was assumed“to‘be negligible, to the
toe of the slope. The first pin. of each line was installed
as a reference pin., The second pin was located between the
pavemént and the former failure scarp. The'third pin of each
line was located just below the failure séarp. The fourth
pin was located above summer water level, and the fifth at
the low water mark.

The elevqtion'of each pin and the slope chainage be;
tween adjacent pins were taken at approximately the same
time as the‘siope indicator pipe readings. The data were
vtabulated ahd plotted as moveﬁent versus time. “Lhe data are

presented in Appendix E.



CHAPTER V.
FIELD DATA
A Considérable amount of data has been obtained from
the test installations described in the previous chapter.
The data were compiled and are presented in the Appendices.
Plots of the data are presented as well as observatioﬁé‘fé-
Agarding apparent correlations between such factors as river

levels, precipitation, bank movement and pore pressures.

A. Piezometer Data

The data obtained from the two lines of piezometers
were plotted as total head versus time. River levels are
also plotted over the éame,period of fimeo For the first
line. of pilezcometers, Site 1, data was obtained from the fall
of 1969 to the winter of 1971. This included two spring
floods, two spring drawdowns and two fall drawdowns. The
‘data are preseﬁted in Appendix A and are plotted as shown
on Figure 5.1. The piezometric head iﬁ the limestone bed-
rock as observed in a deep well is also plotted against |
time on Figuré'B.l.

To study the possible correlations between precipi-
tation and the total head of a shallow piezometer, data were
obtained from the fall of 1969 to the fall of 1970 (Appendix
B) and plotted on Figure 6. ‘

The piezometfic level Of'the‘shéllow piezometer 1
rose quickly in'the spring of 1970, prior to the rise in

river level and then continued to fluctuate independently
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of the river level throughout the sum&er with a levelling
off in the fall and winter. The rise can be attributed to
snow-melt water in the ;pring of 1970. The fluctuations .of
the piezometric levels in the summer correspond surprisingly
well with fluctuations in the daily precipitation readings
in the Winnipeg area over the same period of time, although
there was some time lag in the piezometric»reaction to périods
of heavier précipitation after periods of relatively little
precipitation (Figure 6). The precipitation data are given
in Appendix B. Piezometer 3 behaved similarly to piezometer 1.
However, it falled after only one year of operation,

Piezometer 2 fluctuated with the river level through-
out the year as did piezometers L4, 5 and 6. However, these
piezometers showed an increase in piezometric head at the
time of the fall drawdown, when a renewed movement of thé
banks took place,

Piezometers 7 and 10 also appear to have responded
“to fluctuatiéns,in the river level. However, in the fall
before the river was drawn down, these two piezometers showed
a substantial increase in piezometric head. This increase cor-
vresppnded to an increasé of pieéometric head in the bedrock as.
observed in a well penetrating into the limestone aﬁd located
at a nearby dairy. The piezomefric head of these piezometers
was also much lower in the summer than in the fall. reflect-
ing the effects of'pumping from the bedrock during the sum-

mer months. This would cause seepage into the bank during
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.the summer and thereby possibly improving the stabilify-of 
the baﬁk. |

" Piezometer 8 also abpeéred to respond to fluctuations
of the ri?er levels. Its tiﬁ was approximately 10 feet below
the ground surface and juét below the summer river level. Its
piezometrichead was well above the grduﬁd surface and reflects\
artesian pressure at the toe. The piezometér failed before
a second fall drawdown took place -and no_further observations
were possible.

In addition té the above observations at Site 1, it
was observed that considerable ponding of water occurred in
gome parts of the failed bank, particularly where a depres-.
sion had forméd at the back of a former failure., Also, dur-
ing the spring thaw, considerable snow-melt water washed over
' fhe bank and seeped into crécks at the top of the slope. In
the spring of 1971, water was observed discharging out of a
failure crack at a point just downélope of a street drain
inlet and at least six to eight'feef above the outlet which
" was located further downslope.

The second line of piezometers was installed in the

- fall of 1970. The readings were taken over a period of about
two years. A similér trend of piezometric flucfuafions as
ébserved at Site 1 appears evident at this site, Two addi-
~tional piezometers 9 and 10, were installed in October of
‘1971 to replace 1 and 2 which became inoperative shortly
after installation., Piezometers 9 and’lo recorded piezo-

metric elevations well above the top of the bank: Piezo-
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meter 10 may be comparedto PFiézometer 1 at Site 1, but where
Piezometer 1 had a total head below the top of the bank,
Piezometer 10 showed piezometric 1levels in excess of
SO feet above the top of the bank. This high value could
‘bé the result of eithér a malfunction of the piezometer of
the reflection of some other source of‘seepage guch as a

leaking water main. .

B. Slope Indicator Data \

The data obtained from the slope indicator readings
are summarized in Apvendix C. The movement was plotted against
time as shown in Figure 8. The greatest mevement was obser-
ved to be taking place between the months of November and
April of the following yeér. Between April and October the
amount of movement was negligible. A plot of river levels
over the same period of time indicates that movement begins
at about the same time as the fall drawdown of the river and
continues until the flood waters raise the river level in
spring. In the spring of 1970, a sudden and substantial
movement was recorded. This corresponded to the increase
in piezometric heads of piezome%ers l»and 3, Site 1, which
was attributed to snow-melt water entering the crécks in the
bank.,

Periodic deflections versus depth were plotted on
Figure 4.1 and 4.2 to indicate the possible failure plane..
It is of interest to note that in slope indicator pipe TA-2
‘the depth of fill on the bank at this point corresponds to

the depth at which movement took place. In TA-1 the move-
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ment appears to take place over a 10 foot depth of 5011 whlch
corresponds to the thickness of the high plastic clay layer
at thisApoint. The movement in both TA-l and TA-2 was of
such a degree that they falled approx1mately one year after
installation. Slope 1nd1cator pipes, TA-4 and TA-5 showed
only some minor movements as shown on Figure 4.2,

w

.Ce  Alignment. Pin Data

Data from the elignment pins are included in Appen-
dix E. fhe data were pletted as Qertical and downslcpe move-
ment versus time time as shown on Figure 7.

Pins 1 were used as reference points for measuring
the downslope.movement of the other pins. The elevations
of Pins 1 were related to a Geodetic benchmark. Figufe 7.1
shows a negligible.variatioh in elevation of Pins 1.
| Pins 2, exeept for Pin 2, Line 1, showed an ‘average
drof in elevation of 1.5 feet Qithkfhe méximum being at Line
3, the centre of the failure. The downslope movement ranged
from 1.4 to 2.7 feef with the‘maximum again being at Line 3.

Pins 3 showed a drop in elevation of 0.3 to 1.0 feet
with the maximum occufring at Line 5. The.downslope move-
ment varied from O,5 to 2.2 feet with the maximum movenent
at Line 2. See Figure 7.3. Some comparison can be made be-
tween this pin and the slope indicetor pipe TA-2, which was
located less than five feet from the pin at Line 1. TA-2.
showed a horlzontdl movement of .9.5 inches from December of
1969 to November of 1970, when the slope indicator pipe

sheared-off due the large movement., The movement of Pin 3,
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Line 1, indicated only a downslope movement of 3,6 inches
over the same period of time. The discrepancy is difficult
to account for. However, one explanation may be that the
féilure mass consists of independent segments, each movinhg
at a different rate. This may account for the shiny surface
between the fill and the insitu clay noted in borehole TA-1.

Ping 4 showed lateral movements of 0.9 to 2.8 feef
With the minimum movement at Line 1 and the maximum at Line
2. The elevations of the pins drbpped only 0.1 to 0.2 feet.
At Line 1 the slope indicator pipe TA-1 is within a Tew feet
of the pin. The movement indicated by the slope indicator
pipé was about 3.9 inches. The pin moved 9 inches during
the same period of time.

Pins 5 averaged a rise in elevation of 0.3 feet with
an average lateral movement of 1,8 feet and a maximum of 2.8
feet. This would confirm that the failure is moving out ét
the toe of the slope as shown in Photograph P5,

In summary it may be said that the major movements oc-
curred about the middle of November and the middle of Abril.
The movement in the fall corresponds to the lowering of the
river level, whilé thebmovementain April may be attributed
to an incréaée in pieZometric levels due to seepagelinto
the bank and cracks‘fromrsnow~melt runoff. Pins 2 and 3
showed the most vertical movement, Pins % :showed the most
lateral movement and Pins 5 showed both lateral movement and
vertically upward movement. This would tend to substantiate
a failure plane as proposed by Janzen (4) from the slope

indicator pipe deflections.,



CHAPTER.VI

PREVIOUS STABILITY ANALYSES

Stability analyéeé»of'the failurebat Tache Avenve
were performed by Janzeh (4)¢ In his results, he noted that
the stability of the bank depended.on the river level. The
riverbank was stable when the river level was high and tended
to be unstable whén the river level was low. He reported
that the bank mbved when the developed angle of internal
friction (effective angle»requiréd for static equilibrium)
of the c¢lay was more>than some critical value, and a semb-
lance of stability was observed when the developed'angle
wés smaller than the critiecal value. This critical value
ranged from 10.8 to 12.7 degrees at\Tache Avenue and com-
‘pared favourably with the residual values of the angle of
internal friction as obfained by direct shear tests in Siﬁé
ilar clays (8.3 fo 13.0 degrees). For his analysis Janzen (4)
assumed the residual cohesion to be zero, The above would
indicate that movement as observed by thé pins and slope
indicators have reduced the shear strength.along the failure
plane to the residual values of clay.

Janzen also stated thaf the piezometric leveis indicate
seepage into the bank during periods of high water, However,
the pore pressures in the clay are not readily relieved when
the river level drops and this results in plezometric levels
higher than the river levels. This also results in a zone

of high pore pressures at the toe of the bank after Spring
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drawdown with resulfing upward seepage at the toe and é local
instability.

' Therefore the instability of the Tache Avenue river-
bank may be attributed to the fact that the effective shear
strergths have been gradually reduced to their residual values
through the movements of tne bank.and ﬁhe pore pressures,
particularly at the toe of the bank, are not relieved quickly
enough aftér the fall.drawdown for stability to exist. Under
these canditions the stability of the bank would have to be
achieved by one or more of the following: |

1. Increasing the shearing resistance of the soil,

2. ‘Reducing thg loads oh the bank, and |

3. Lowering the piezometric levels in the vicinity

of the bank, particularly.at the toe.

Remédial and protective measures must provide an ad-
equate safety factor against further movement. A safety
factor of 1.2 has'béen accepted by the Assiniboine River
Advisory Board (5) for residual shear strength values in
Lake Aggassiz clays. Locally a 20 percent increase in safety
factor on resi&ual shear strength values has been considered
a design minimum where economically feasible. Therefore it
is recommended that any remedial measures employed at
The Tache Avenue sife éhould'result in an increase in safe-

ty factor of 20 percent.



CHAPTER VII -

" POSSIBLE REMEDIAL AND PROTECTIVE MEASURES

A number of possible remedial and protective measures
were investigated consistent with the requirements for sta-
biiity of a riverbank‘as set out in Chépter VIi. Although
there.are many possibilities for stabilizing embankments, an
attempt was made to review dnly those whiéh appeared appli-
cable for riverbanks in the Winnipeg area, partiouiarly at
Tache Avenue. Where avallable, local examples of remedial
measures were examined, Of the possibilities investigated;

the following lend themselves most readily to the local problem,

A. Counterbalancing

A conventional means.of stabilizing a slope that is
in a state of impending motion or has failed, is to incréase
the resistance to sliding by means of a counterbalancé at the
toe of the slope. The counterbalanée usually consists of
gravel, clay or rockfill placed on the toe bf the slope and .
is of sufficient weight to increase the resistance to sliding.
The counterbalance 1s placed so.that the potentiai failure
does not extend abo&e or beyond the toe. |

The stability of the existing slope may be determined
by conventional stability analysis, assuming the worst con-
ditions of pore presSure andbriver level. The shape-of”the
failure plane for the analysis'may be fairly accurately de-

termined from slope indicator data. and from visual evidence
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‘such as oracks at the top of -the slope (Photograph P5) and
Overthruéts at the toe { Photograph P6). A counterbalance
of the deéired shape (within right-of-way and causing the
least interference with existing structufes, roads and water-
ways) is superimposed on the failure and the new éafety factor

determined.

1. _Gravel Buttress

Gravel butiresses have been recommended for stability
problems by Long (6)., The material at the toe of the slope
“is replaced with a freé—draining material as shown on Fig-
‘ure 9ol.v The reduction of pore pressures through the free-
draining material results in increased effective weight of
the toe, |

The buttress‘is ideal for locations where righféon
way is limited. However, the difficulty in using the gravel
buttress is in the placing of the materiai. If the élope:is
already at a state of impending failure, any further disturb-
ance such as removing soil at the toe to make room for the
‘gravel could result iﬁ a failure.

2. Soil Berm

Clay is usually used as a counterbazlance where erosion
problems are not sevefe. The effectiveness of a.clay berm ié
demonstrated bj an example of a dyke om a riverbank on the
Morris Rivér (Figufe.9.2) as reported to the Geotechnical
Section of the Winnipeg branch of the E.I.C. (7).

In conjunction with the protection éf towns along
fhe Red River, south of Winnipeg; dykes were constructed

around a number of towns. At Morris the construction of
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dvkes along the Mpfris River on the north side of town fe-
quired the relocation of sections of the Morris River. A%
Two 1ocations. dykeé were constructed over the original .
river bed., 1In the fall of 1968, after the final few feet
of fill had been placed, alarge crack appeared along the
top of a sectionbof dyke. ‘

A portion of the top of the dyke (approximately five
feet of f£i1l) was immediately removed along the line of falil-
ufee Berms were vlaced in, two stages at the toe of the slope
for a totallheight of ten feet (Figure 9.2). The dyke was
then brought back up to grade. Slopé indicators were in-
stalled along the centreline of the failed section and moni<c
tored. 'Aithough movements continued for several months after,
no further cracks were observed énd.preseht readings indi-
cate thaf movements are steadily decreasing as the exceés
pore pressures disSipate& Todate the berms have withstood
several inundations by flood waters and appear to be performé‘
ing satisfactorily.

At anothér site on the Morris River where conditions
for failure were similar to the above,.a berm was placed pri-
or to any visiblevsigns of failure as an extra precaution.
Although high pbre pressureé were observed dﬁriﬁg constrﬁct-
jon of the dyke and berm, no signs of failure were observed.
Slope indicators installed in the érea indicate that some
_movement is taking place but it appears to be decreasing

- with time.
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3. Rock Berm

Another method of increasing the stability of an em-~
bankment is the use of rock fill as a berm. Such a material
is recommended for stabilizing slopes where the toe is ai-
ways submerged.and subject to the erosive action of moving
water. The size of the material requifed to resist displace-
ment 5y flowing water may be determined as éhown by the
USBR (9). It should be noted that if a clay berm is used
and extended into the river it would require riprapping.
Therefore it may be more advantageous‘to-use rock for the
whole berm.

The effectiveness of this method is~i11ustrated by
'the.stabilizétion,of the riverbank behind the St. Boniface
Hospital, just upstream of.the Tache Avenue failure.
Baracos in 1951v(8) recomménded to the Greater Winnipeg
Dyking Board the use of rockfill as a stabilizing material
in order“that a dyke could be placed on the bank. Todate
the bank has béen stable. A sketch.of a rock berm as a re-
medial measure for stabilizing a failure is shown on Figure
9¢30

Riprap, is available in large guantities within a
reasonable and econgmical hauliﬁg distance of Winnipeg.
That it can bé placed by dumpirg from a barge has also
‘been demonstrated., Where acceés is riot a problem the rock

can be placed by machines from the bank.
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B. Regduction of Slope Angle. and Bank Height

in effective means of stabilizing a failed bank or
improving the.stability of any bank is to flatten the slaope
or to reduce the height of bank for the same slope. This
reconstfuction of the slope results in reducing the forces
‘causing failure. | |

Flattening the slope results ihva decrease Qf the.
bsoil shear strength required for stabllity by reducing the
loads on the bank. Reconstruction of the slope fbr increased
stability has been used on a number of riverbanks in the
Winnipeg area. Photograph P?7 taken of a bank on the Assin-
iboine River at the Maryland/Bridge is a good example of
improving stability by flattening the slope. Photograph P8
shows an example of slope flattening on the Red River in
north Winnirpeg,

A study of rjvéfbanks in clays in the Winnipeg area
by M;shbk (1) indicated that failed banks in clays 25 to
4O feet in height became stable at slopes between 4,5:1 and
6.75:1 although some flattened out to almost 10:1, This
influenced the‘selection of slopes for the Red River Flood-
way around Winnipeg where 6:1 wés used for the slopes.

Slope flattening is limited to areas having éufficient
right-of-way. The slope should be cut back far enough to
achieve the increase in saféty'factof of 20 percent as de-
scribed ih Chapter VI. The slope should be shaped to pre-.
vent ponding of water and seeded to prevent surface erosion.
Any sources of moisture such as leaking sewer outfalls and

street drains should be removed from the vicinity of the
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"stabilized riverbank. Aﬁy.loads placed on the bank muét
be set back from the top edge of the bank far énough to main-
tzin the safety factor of the unloaded stable bank.

The slopé may also be stabilized by unloading the
existing bank, i.e. reducing the overall height of bank for
a particular slope. .

| It is obvious that these methods are.limited to loc~
ations where flattening of the slope does not exceed the
allowable right-of-way and where lowering the bank is per-
missible With respect to high water levels. Flattening of
the slope may not be applicable to areas where pore pressufes
are excessively high because of the resulting low effective
strength. The ineffectiveness of slope flattening where
pore pressures are.rélatively high is deménsﬁrated at the
outlet of the Seine River Diversion into the Red River, south
of Winnipeg. The low flow channei, as designed, was five
feet deep with 3:1 side slopes. Scour at the toe of the
bank and degradation of the channel'caused fhe bank to fail
12 years 1éter. Calculations indicated that flattening of
the glope to 6:1 would not appreciably increase the safety

factor because of the influence of the pore pressures.

C._ _Drainage

The use of drains, both horizontal and Vertiéal. is
documented in most standard textbooks; The. purpose of the
drains is to stabilize the embarikment by either reducing the

seepage pressures or reducing the excess hydrostatic pressures.
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The drains are probably most ‘efficient -where the zones of
vwaterbbearing strata are well defined. They may also be
applied where a relatively impermeable material is underlain
Hy a zone with a high hydrostatic head.

Every prqcéss of drainage reduces the stress in the
pore water of the soil without appreciébly chahging the total
stresss Terzaghi (11) states that lowering the piezometfic
.level beneath a clay stratum ultimately increases the effec-
tive preséure on avhorizontal plane by an amount equal to the
weight of the height of a column of water representing the
reduction in pore pr(;ssureo This decrease in pore pressure
results in an increase in the effective stresses on eVery
potential surfacé of sliding within the soil and thereby in-
creases the strength. The weight of the soil located above
this surface is unaltered. Drainage "increases the factor
of safety with respect to sliding provided the external |
conditions for equilibrium remain unchangede.

Turnbull and Hvorslev (12) recommend internal drainage
by.means of horizontal drains, free flowing or pumped wells
and verfical sand drains to increase the internal soil resis-
tance of an unstable bank,

Before any form of drainage is considered a épils
investigation is necessary to determine any wéterwbearing
zones or pockets, their extent and permeabilities. The type}
of drains emploved depends on a number of reasons such as
mild or steep slopes, underlying water-bearing zones, arte-

sian pressures, etc. The following types of drains are
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“usually considered:

1., Horizontal Drains

_Horizantal drains are épplicable where zones of water-
bearing soils are within the embankment itself and drainage
is possible by gravity. The number of drains and their spa-
cing is a function of the amount of water to bé drained and
the permeability of the soil. |

Two types of horizontal drains are4usually used. The
first is a perforated pipe, either jacked into the embankment
or placea into a pre-augered hole; with a slight slope down
to the point of discharge. For soﬁe fine~-grained soils it is
usually adviseable to use a filter material around the per-
forated pipe to avoid a siltingeiﬁ of the pipe. The filter
isvsometimes placed by forcing a granular material around
the perforated'pipé inside hollowtstem augers by reversing
the augers. Probably the best known example of the’effect-
iveness of a horizontal drain is the stabilization of an em-
bankment overlooking a highway in California as described
be Smith and Stafford (13). Movement of the embankment was
halted when a horizontal drain released a large volume of
water from within the embankment. Another‘form of horizon-
tal drain commonly émployed is the trench drain. For em-
bankments that have a relatively flat slope and are low
(less than tén feet high) horizonfal trench drains should
be considered. There are a number of local examples of shal-

low trench drains that appear to be performing satisfactorily.
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. A number of Small slides on a small creek gn the west
side of Winnipeg plagued the Metro Winnipeg Parks Board. A
reshaping of the slopes stabilized major portions of the un-
stable bank, Howevér, a small slide at one point along the
banlk persisted., Test holes in the bank indicated a pocket
of granular material near ﬁhe back of the failure. The wa-
ter in a tést hole in the granular material rose to within
three feet of the tbp 6f the test hole. Testholes above and
below the pocket were dry. A recommendation in a report by
the Water Resources Branch of the provincialbDepartment of
Mines, Resources and Environmental Managemént (14) was to
excavate and construct a horizontal ﬁrench drain back into
the slope. Measuremenfs taken ovér a period of about two
years after remedial measures had been implemented detected
littie or no movement of the the former slide. '

A similar problem existed furthér upstream on the
same creek next tb a roadway as shoWn in Photograph P22.1.
Recommendations called for a reshaping of the bank and the
installation of 'two trench drains plus riprap at the toe of
the bank as shbwn_in Photograph P22.2., To date the remedial
measures have been successful.

2, Vertical Wells

- Where drainage by gravity is not possible as ih the
case of a water-bearing stratum, with a high piezometric
head, below the toe of the embankment, drainage'by means of
vertical_wells extending down into the water-bearing zone

may be utilized,
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" If artesian pressures exist the wells are allowed to
flow free. However, if the top of the well is too high to
lower the piezometric head sufficiently enough to increase
the stability of the bank, pumping may be employed to lower
the head,

The wells may consist of cased Boreholes with a section

- of perforated pipe in the zone to be drained. A filter ﬁay
be necessary to avoid the migration of fines into the casing
and to avoid a reduction in its effectiveness.

3. Vertical Sand Drains

A lower viezometric head may be required in some in=
staﬁces to ensure future stability. If the flow is inter-
mittent and pumping. is not economical, augered holes back=-
filled with sand and gravel may be used. The vertical sand
drains act as releases for the excess pofe pressures .as in the
case of free flowing wells., Verfical sand drains may be drain-
ed by 1nterconnect1ng horizontal drains and a horizontal
" drain emerging near the toe of the bank. Sand drains are
most frequently used downstream of dams to pick up any séep-

. age from beneath the dam.

D, Protectlon of Qloue and Toe Against Scour

One of the frequent causes of 1nstab1]1ty of a river-
bank is the erosion of material from the toe of the slope.
This scouring away of material is usually most severe on
the cutside of a bend in the river. Means of protecting

the toe against scour are available and have been fregqently
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‘employed with both success and failure. Failures are ﬁsual;‘
ly the result of improper materials and placeméht. Some of
the more common forms of séouf protection include riprap,
retards and revetments., Probably the most frequently employ-
ed method is riprapping. Of concérn is the extent of the
protection both into the river and up the slope° The bank
should be stable before aﬁy form of protéction is implemented. -

.The loss of material at the toe coﬁstitutes a reduct-
ién in the forces resisting sliding and results in a loss
of strength alcong a potential faiiure‘planea As the shear
strength of the soil approaches a limiting value, creep may
occur, eventually résulting in a failure of the bank. To
reduce or stob this loss of strength, the soil at the.toe

should be protected. .

1. Riprap

¢

Riprap-consists usually of granular materials and
is used to protect the bank‘from being eroded., A procedure
for determining the size of material required to resist dis-
placement by thé river current‘is outlined by the U.S.

Bureau of Public Roads (9). The riprap must be well-graded
and placed on a graded filter to prevent the movement of
~fines up through‘thé rock.

The riprap should extend from below the toe of the -
slope toc at ieast several feet above normal water level and
in criticai areas may extend above the flood level. However,
before-the riprap is placed, the stability of the bank should
be in&estigated'and remedial measures impiémented to provide

an adequate safety factor against slidinge
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There arebmany examples of the use of riprap in the
Winnipeg area. A féw are shown in photographs P7, P9, P10
ans Pl11. Photograph P7 shows a section of riverbank along
- the Assiniboine Riyer in Winnip;g where the riprap at the
toe of the slope appears to be performing satisfactorily.
P9 shows a section of the Assiniboine River where riprap
was placed to above the flood level. A failure of the bank
with the riprap is evidént to the right in the photograph
indicating that the bank did not have sufficient.rGSistance
to sliding prior to the placing of the riprap. Photograph
P10 illustrates the use of a well-graded riprap on a proper
bedding as protection against scour at the toe in Omands
Creek in Winnipeg. Photograph'Pll shows an example at an-
other site along fhe Red River of riprap that does not
meet design criteria. It is not well—graded; A closer in-

spection of the bank indicated evidence of recent movement.

2. Retards.

Retards usually consist of piles driven into the ground
along the toe of the bank to be proteéted, Usually round
tihber piles are driven in a single rowvor multiple rows.

The piles‘may'be spaced closé together or far apart. Spmeh
times horizontal planking is placed‘between‘the piles when
they are spaced several pile diameters apart. Steel or wood-
en sheet piling is alsb used és retards.

Retards may be used to pick up additional resistance
to sliding of the bank provided that the_piies are dri?en

| deep enough. Freguently the piles cannot be driven deep
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~enough to develop sliding fesiStancezbecause of shallow.bed»
rock or other hard strata. The piles-must also be designed
against. loss of lateral suppoft due to éccur.

There are many examples of the use of retards to pro-
tect the toe of a bank along both the Red and Assiniboine
Rivers in Winnipeg. A check of many'of these installations
indicates a high failure rate. -This may be attributed to
the relatively shallow pile penetration wﬁich gave inadeguate
lateral support. The piles are frequéntly laterally dis-
placed of overturned. |

Photographs P3, P8 and P13 to P21 inclusive are ex-
amples of attempts to protect the toe of the banks. Photo- .
graph P3.1 shbws a row of widely spaced timber piles ét the -
toe of Tache Avenue riverbank. Photograph PB.Z gshows the
remains of the fow'of piles'12 years later. Only a few of
the piles remain and these have moved appreciably. Photo-
graph P14 and P15 show two other exémples along the Red River
of retards with widely spaced piles; The loss of soil from:
behind the piles is evident. Photographs Plé; P17 and P18
show examples on the Red River of retards with closely spaced
piles. Again the loss of material from behind the piles is
evident., vPhotograpﬁ P18 is an examplé of piles being over-
turned by the failure of the bank.

Photographs P19, P20 and PZi show other local examples
of vertical pile retards with horizontal planking between the
piles. In these cases there appears to be little or no loss

of soil from behind the rétards and the banks appear stable.
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Comparison to the retards shown in Photographs P14 to P17
would indicate that the horizontal planking minimizes the
loss of soil. |

Photograph P8 and P13 show local examples of steel
and wooden sheet piling retards respectively. Failure‘ié
evident at one end of the steel sheet ﬁiling retard in
Photograph P8, - Photograph P13 shows a stable rivefbanko‘
| It would abpear from the photographs that timber pile
'bretards with horizontal planking or sheet pile retards can
effectively be used to protect the toe of a bank. A filter
is recommended placed back of the‘planking to reduce pore
preésures in the soil behind the retards., Speciél attention
is required to proﬁerly tie the ends of the retard into the
bank.

Another factor that must be considered is that timber
pile retards are susceptible to rot above the water level
and need expensive maintenance. Rotted piles are shown in
Photographs P16 and P17.

3. Revetmenfs

Revetments are a form of continuous bank protection.
They mdy be rigid, semi~rigid_of flexible. An example of.
a rigid revetment is a reinforced concrete slab or fock
grouted in-place. Woven willow mattresses, lumber mattresses
and articulated concrete mattreésses are examples of semi—
rigid revetments. A riprapped siope may be_considereﬁ to
be a flexible revetment in that it adjusts readily to move-
ment beneath the revetment. Details and installations are

discussed by Winkley (10).
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~The material for revetments must be sufficiently.
- durable to prevent destruction by the fofce of the current
in the river and by impact'of.ice and debris. Revetments,
especially of the articulated concrete mattress type, are
relatively expensive tovinstall and are,susceptible to dam-
age during installation, Filter cloth may be used to bre-
vent the movement of fines through openings in the semi-
rigid and flexible revetments;‘ Rigid revétments are very
susceptible to cracking and breaking-up if the revetment
is underﬁined. ?hotograph P12 shéws the use of rock grout—
ed in-place as a means of protecting a bank along the Red
River. The revetmeht.is failing due to undermining.

E. Retalning Structures

A recognized method for stabilizing a slope is to in-
crease the resistiﬁg'forces'of the bank by using structural
methods sﬁch as retaining walls or anchored bulkheads., These
structures obtain their strength odtside of the slide area,
either from beneath or behind the failure.

1. Retaining walls

Retaining walls.are usually in the form of rigid walls
on massive foqtingso Typicél examples are‘shown on Figure
10,1, Three points.deserve consideration in the design of
a proper retaining wall in clay:

A, tﬁe pressure exerted on’the wall by the backfill,

b. the adequacy of the foundation soil 1o support

the structure. and |

c. the drainage system tq minimize pore pressures

in the backfill,



38

~ Numerous theoretical and*empirical methods for computing

the eafth pressures have beenvdeveloped. The allowable soil
pressure to prevent_overturning and settlement and the safety
égainst sliding may be determined from strength_tests of the
soil. Where the adequate resistance canﬁot be obtained at
shallow depths, pilés may be used.

For stabilizing a failed bank, the footing of the
Afetaining‘wall should be below the base of the failure.
However, at the Tache Avenue site this would require excava-
tion at the toe of the bank which would further endanger the
- bank. |

2. Anchored Bulkheads

Anchored bulkheads usually consist of a flexible
sheeting restrained by tie-backs and penetrating below the
mass to be stabilized. A typical example is shown oh Figure
10.2. | |

The design of anchored flexible bulkheads is available
in soil mechanics literature. Wall pressures, wall movements,
drainage and anchorage must be considered in the design. The
wall pressures are determined on the basis of the type ofi
backfill and thé foundation conditions. The type of sheeting
used depends on‘the wall moments to be resisted. Aﬁchorage
must be obtained from soil behind that to be stabilized, or
from deeper firm strata. _Pfecautions must be taken to pre-
vent damage to the tiebacks from corrosion or settlement of

the backfill.
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,Genefally gpeaking it would appear that retaining

walls are more suitable for already stable banks where add-
itional stability is rquired for new loads on the bank.
Where the bank has already failed or has a low safety factor,
excavation for a retaining wall would only further endanger
the bank. Anchored bulkhieads may be more applicable in such
a case since no excavation is reqguired. Driviﬁg of the sheet-
ing may, however, not be desireable in that it could trigger
éhother slide.

No examples of retaining walls or anchored bulkheads
were observed along the Red and Assiniboine Rivers in the
Winnipeg area. The anchored bulkhead may have application
where a vertical bank {o prairie level. is reguired. At the
‘ache Avenue sife there is no need for a vertical bank at
the water's édgé and the anchors that would be required would
- possibly be Very}expensive.

Such retaihingistructures aré not recommended for the
Tache Avenﬁé site, although they have;ofher application in
the Winnipeg area, |

F. Chemical Stabilization

In the last few years considerabie'work has been'done
'in the use of chemicals in stabilizing soils. The method of
stabilizing road bases by mixing the chemical Qith the soil
is well known. However, the use of chemicals in stabilizing
insitu soils isAstill in the eiperimental stage. Results of
the insitu methods are difficult to evaluate and little in-

formation is available. Another difficulty in implementing
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the use of chemicals‘to stabilize embankments appearsto be
the time required. Handy and Williams (20) indicated that
the full effect of this stabilizing method is delayed by
as much as three years. Cost factors are also relatively
unknown. | |

A number of chemicals have been used in soil stabi-
lization attempts. Only those considered applicable to
Winniveg soil are referred to in this thesis, and include:
quick lime, hydrated lime and calcilum chloride.

The chemicals may be applied by either using drilled
auger hbles or trenches filled with a chemical solution,

- or by pressuré injection of a chemical slurry. In both cases
electro-osmosis may be used to speed up the process,

The theory b&hind the reaction of the chemicals with
soil is beyond the scope of this report. However, sohe gen-
eral comments can be made.

Lime stabilization is used for stabilizing of embank-
ments either in the form of guick 1imé (Ca0) or hydrated
lime (Ca(OH)Z).‘ Lime stabilization takes place mainly by
the process of base exchange and cementation. Base exchange
is the process whereby the different cations in the solution
in the pore water of the soil replace the adsorbed cations
on the clay mineral. The ability to adsorb exchangeable
cations 1is known as base exchange éapacity,‘ Different clay
constituents have different base exchange capacities and of
the three most éommon constituents of clay (montmorillonite,

illite and kaolinite) montmoridlonite has the largest cap-
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;acity.. Clays in- the Winnipeg area are generally high in
montmorillonite. The process, when taking plaoe, results‘in
the agglomeration of the fine-grained clay particles with
a resulting reduction in plasticiiy index. The process
is %hen followed by cementation or pozzolanic reaction ,
which probably represents the moat 1moortant aspect of lime
stablllzatlon. The reactivity of lime with q01l also in=~
creases with plasticity index. The cementatlon results in the
gain of strength by the soil.

The use of calcium oxide or gquick lime ig probably
the simplest form of lime stabilization. It requires the
least complicated'equipment. Auger holes are drilled at some
predetermined‘spacing and filled with guick lime. Water 1is
‘added to the quick 1ime and the hole sealed off with a clay
plug. This method relles on the movement of the ground water
to help the migration of the lime th;ough the 8011° Where
a soll is relatively homogeneous and impermeable, such as.
is the case for a high plastic clay-with some’fissures.‘siltl
and sand lenses, etc., it may be more effective to use a
hydrated lime slurry injected into the soil. The lime slurry
is 1nJected into the q011 under high pressures by means of
specially designed injection jets which are pushed 1nto the
ground to the desired depth and slowly withdrawn as the lime
slurry is injected. To avoid loss of slurry alongside the
injection pipes 1t may be neccessary to first seal the sur-
face of the entire area by means of mixing lime with the

surface soil much as for stabilizing a road base. This forms
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an imperméable mat and ié also useful in providing a‘working
surface for the machines.,

The slurry is mixed in proportions which are best
suited for maximum reaction with the type of soil being
stébilized, A wetting agent is used to promote dispersion.
The slurry can also be dumped into boréhélés or trenches,
However, the lime tends to-settle out and only the water
migrates through the soil unless the slurry is constantly
agitated., Considering the time in years required fér_com«
lete dispersion of the slurry, this method is not practical,

The Qse of injecteq hydrated7lime appears to be a
better means of stabilizing soils'as demonétrated by exper-
imental sites reported'by Lundy and Greenfieidd (15) and
athers repérted by the National Lime Association (16).

The hydrated lime was found to create a moisture barrier

by penetrating along seams and fissures in the soil. Pene-~
tration of post giacial solils (soft clayey silt) was found
to be in the order of a five foot radius. Some problems
were‘encountered, such as }oss of slurry alongside injection
pipes but these could be partially overcome by a surface
seal as described previously. The high pressure method
appeared moderately successful. Physical-characteristidsv
of the soil were not appreciably changed after one year ex-
cept for shéar strength which was found to be approximately
doubled where lime penetration was good.

Another éhemical that has been tried experimentally

with some success in Sweden by Talme (17) is calcium chloride,



“The salt is plaéed by'injeétion or electro—injectionol Inf
jection is employed as descfibed for lime'stabilization.
Electro;injection uses the process of electro-osmosis to
gspeed up the mo&ement of the ions of the salt in the soil
poré‘water.. Calcium chloride was found to increase the shear
- gtrength of all clays, the degree of iﬁcrease'depending on
the type of clay being stabilized and how mﬁch salt was
being used, The increase in shear strength also depended
on thé'degree of penetration of the salt into the clay itself,

At another site described by Talme (17) use was made
of electro-injéction to move the fluid containing the saltl
ions through ﬁhe.soil; The clay content of the soil varied

from 50 to 70 ‘percent and had a‘Sensitivjﬁy of between 25

‘and 50. After about a week it wags found that the strength
of the insitu soll had incréased by 28 percent although the
variation was great depending on where the samples were takeh‘
in relation to the injection hole. It was also found that
after the injection, the salt continued to diffuse through
the soil. |

None of the experiments’described above dealt with

a high plastic clay.of low sensitivity such as are encoun-
tered in the Winnipeg area. However, the method of stabi-
lization=doés lend itseif to areas of limited right-of-way.
Since this is the case in mahy riverbanks where the banks
have receded until the builld ings are threatened, it may be
desireable to use a method such as chemical stabilization.
The chemical calcium chloridé'reacts/very well with clays

~having a high montmorillonite content such as the Winnipeg
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_élayselBecause‘of the‘many1ﬁﬂqmwns in the use of chemiéals
for stabiliZing a riverbank in clay, a test stabilization
of a failed and fully insffﬁménted site would be a prere-

quisite to any full-scale use of this method:

G. Eliminating Fall Drawdown

The previous methods dealt with the stabilization
A of relatively short reaches of riverbank,énd therefore would
be of interest to individual property owners having similar
_problems. However, fhere is an encbmpassing remedial measure-
which would help to improve stability of'practically all
banks in the Winnipeg area.
| This-cén be effected by maintaining the present sum~-
mer water levels for the entire year except during spring
runoff; Previous £o the cohstruction of the Red River Flood-
way around Winnipeg, it was necessary to lower-the river in
the fall in order to provide for adaitional storage during
- spring runoff, The gates of the St; Andrews locks at Lock-
port were not designed to withstand ice pressures and there- .
fore had to be ralsed every fall to prévent-ice damage. The
only means of maintaining the higher water levels in summer
and winter would bevto construct another dam or fiied—crest
welr upstream of the existing structures.

That a relationship between the numerous bank fail--
ures and the fall drawdown exists was suggested. as early
as 1953 when the "Repoft.on Investigatiohs into Measures

for the Reduction of the Flood Hazard in the Greater Winnipeg
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Area",. Appendix E (18) stated that there is a “controversial
questionvof whethér the operation of the dam.at Lockport is
respdnsible for the bank slippage oécurring in the fall of
“ 'the year", and went on to suggest that lowering the»Watér
in two stages as is presently done actually reduces the num-
ber of bank failures that would occur if-the water was low-
~ered to winter level in one stagé. In 1953 there was no.
alternative to lowering the water level in the fall.

In 1966 Sutherland (19) reported that the "lower.the
drawdown, the more unstable a bank becbmes, and an unneces-
sarily rapid rate of autumn drawdown may have been the trig-
ger‘that set §ff failures in the pagt"., Sutherland did not
mention maintaining the summer water level in the winter
but rather stated that “conirol can be exercised over the
autumn drawdown and it is stfongly recommended that this
drawdown should be carried out ...at the slowest rate possible",

In 1969, 1970 and 1971 measurements taken by means
of slope indicators again showed a relationship between the
fall drawdown and the bank movements both at Tache Avenue -
and St, Vital (Figure 9). Stability analyses by Janzen (U)
indicate that there 1is én increése in safety factor of be-
tween 40 and 50 percent from winter levels to summef levels,

It is therefore recommended that consideration be
given to not lowering the. water levels in the Red River in
the fall. If the gates at Lockport cannot be strengthened.
to resist the ice pressure, some other form of cohtrol may .

be necessary, such as a rock weir upstream of the gates or
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'a completely new structure. A new dam would be a very ex-
pensive undertaking. However, if repairs to the existing
structure are continually necessary and the riverbank pro-=
perty is becoming increasingly more valuable, the cost-ben-
efif fatio of a new dam may become more acceptable.

A study would have to be undertaken to determine the
problems to be anticipated with the construction of a new
dam., An investigation would have to be carried out to de-
~termine thé backWater effect 6f a welilr crest fixed at some
elevation such as the summer level, which wouldvprovide ade~
guate capacity for .spring flood flows. The flooding of low

lying areas would also have to be investigated.



CHAPTER VIII
RECOMMENDATIONS AND DESIGN CONSIDERATIONS

All the remedial measdres discussed in Chapter VII
could be used to some degree to stabilize a clay riverbank
such as the Tache Avenue bank. Countefbalancing wifh a rock
berm at the toe would stabilize the bank by providing the .
necessary resistance to sliding. It can be implemented with
réadily available materials and equipment without further en-
dangering the bank. Its effect is also easily evaluated.
Flattening of the slope or reducing the bank height would
reduce the loads on the bank, but these methods'are limited
by right-of-way and the need for relocating underground ser-
vices. In addition erosion protéction at the toe would still’
be reguired. Drainage by means of hdrizontal trench drains
could be used to reduce the pore preésures. However, it is
difficult to prediét theAdegree of fhe effectiveness of the
drains, They would have t§ be instrumented with piezometers
so that if réquired, additional drains could e added. There-
fore it may bé desireable to use it with some other stabiliz-
ing measures. Erosion profection bnly eliminates the loss
of soil at the toe and does ﬁot‘increase the stability of the
bank. A failed barnkwould have to be stabilized first before
toe protectidn would Dbe effective.. Riprap appears to be the
most suitable type of toe protection in the Winnipeg area.
Retaining structures do not appear to be very applicable to

the Tache Avenue site as a means of stabilizing the failure.
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Installation of a retaining wall would endanger the bank
because of the necessary excavation. The effects of chem-
jcal stabilization are too difficult to evaluate at this
time as is the cost. However, the method does 1end itself
to areas of limited right-of-way where conventional methods
are not possible, FPurther investigation would have to be
carried out to determine the feasibility of maintaining the
summer water level. throughout the summer and winter before
‘the fall draw down could be eliminated.

On the basis of the above, it is recommended that
counterbalancing witﬁ a rock berm be employed as a means
of stabilizing a riverbank such as the Tache Avenue bank;
It is aiso reéommended that a form . of tee drainage be pro-
vided to reduce the pore pressures at the toe as an addition-
al'safety'factor. It is reéommendedfthat rock be used for
the coﬁnterweight. The.rock should Dbe of sufficient
size to resist displacement by the current in the_river, ice
and wave action. The toe drainage would be in the form of
horizontal trench drains, initially spaced at 100 foot inter-
vals.

| The size of berm required to increase the safety factor

by 20 percent is determined by trial and error. A fypical
cross-section of the bank. was analyzed as follows: * A fail-
ure plane was approximated from visual evidence of cracks
and movemént and from slope indicator and alignment pih data,
The case of fall drawdown was simulated by assuning summer

pore pressures with the river at winter ice level., An average
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residual value of 9.6 degrees, as determined by Janzen (L),

was used for the effective angle of friction. A safety
factor of 1.0 was obtained by introducing a small cohesion
of 0.6 pounds pér square inch.

A berm was super-imposed on the cross-section as
shown on Figure 11.in order to obtain é safety factor of
1.2 uﬁder fall drawdown conditions. This répresents an
increase in éaféty factor of 20 percent,.ﬁeglecting any in-

crease in safely factor due to the horizontal drains and

the shear strength through the rock fill,

The sverage summer water level in the river is approx-
imately elevation 734.0. To protect against some fluctus:
tions in water level and to protect against wave action,

the rock should extend up to elevation 736,0, To protect

against undermining, the rock)should extend below the winter

ice level of approximately elevation 727.0. A side slope
of 3:1 was used for the rock berm for added stability and
to help dissipate some of the wave énergy. A typical sec-
tion through the berm is shown on Figure 1ll.

The maximum velocity of the river is approximately

six feet per second. The average riprap size required %o

resist displacement by this velocity along a relatively

straight stretch of channel would be four inches, as recom-

mended by the USS. Bureau of Public Roads (9). For direct

impingement, 1t is recommended that the design velocity be

doubled, This would result in a riprap size of fourteen
inches. The Tache Avenue site is on the outside of a bend

in the river and just downstream of where the Assiniboine
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‘River fléws into the Red River. Since this is somewhefe
between the cases of straight alignment and direct impinge—
ment, it is recommended that fhe'riprap be designed for a
velocity of 10 feet per second. The average size of riprap
required to resist a velocity of 10 feet per éecond on a
3:1 channel side slope is 10 inches. The maximum sizé of
,riprap required is usually taken as 1.5 times the average
size, orkin this case 15 inches. .The minimum size should

be three inches. A typical gradation is as follows:

Riprap Size - Percent smaller than
(inches) by weight
15 o 100
12 | 25 - 100
10 15 - 50
g ' 0 -. 20
3 - 0

Where the riprap is placed directly'on the bank, a bedding
or filter is required for the rock..  The bedding should meet
the following criteria:

Dyg (coarsgr material) Dysg (coarsef materialj

» . <5< ' < ho
D85 (finer material) Dysg (finer material)

Since the bank material is a highly plastic clay, the secand
criteria. is not so critical and may be neglected. Therefore,
the filter should be a clean (free—dfaining), well-graded,

sandy gravel having about 85 percent passing the 2 inch sieve.
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;Since'a thickness of ripfap equal-u}thé maximum size
of rock required is sufficient for protection against dis-
piacement, the core of the rock berm may consist of any a-
vailable granular material such as crushed rock.or broken-
bup concrete as long as the material is free-draining and the
larger sizes dd not create voids in the berm.

The portion of the riverbank above the riprap should
be graded énd levelled to facilitate surface drainage. The
street should be recoﬁstructed so that all street drainé
vdischarge into existing storm sewers and not onto the slope
through a pipe beneafh the street. A curbd shouldvalso be
constructed oﬁ the river side of the street to prevent run-
off from washing onto the bank.

The horizontal trench(drains may be excavated by means
of a tractor-mounted backhoe. An initial spacihg of.loo
foot intervals is suggeéted. The trench widths need be oﬁly
about two feet at the bottom and as narrow &as the excavation
will permit at the top., The bottom of the trench should be
- at approximately the winter water level.with a slight slope
towards the river. The trenches should extend back into the
bank a distance of 50 feet as shown on Figure 11.

The frenéhes should be backfilled witﬁ a 12 inch lay-
er of sand, followed by crushed.stone,‘one—half inch to gix
inch diameter, to within two feet of the ground surface.
Over this should be placed another foot of sand followed

by a layer of topsoil to grade.
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~The effect of the trench drains on the pore pressures
in the bank will héve to be monitored. Piezometers shouldl.
be installed in a éection of ?pe bank‘similarly as for the
two earlier sites. If the pore pressureé are not sufficiently
reduced with the drains at 100 foot intervals, it may be ne-~
cessary to decrease the spacing to 50 feet, In addition to
the piezometers, it would 56 desireable to install a number
of slope hole indicator pipes in the "stabilized” bank to

monitor the effectiveness of the remedial measures.
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TABLES



a.)  Mottled brown and grey, highly plastic clay

Test Average Range Number
Moisture Content (%) bh,9 39.8 - 49.81 23
Liquid Limit (%) 81.3 62,6 - 110.5 5
Plastic Limit (%0 3343 28.5 - 37.7] 5
Unconfined Compressive Strength

(PSF) 2420 1500 - 3280 3
Wet Density (PCF) 112 109 - 114 16
Direct Shear (residual values)¥*
‘ Effective Angle of Internal Friction
: . (degrees) 9.9 8.3 - 13.0 I
Effective Cohesion(PSF) 72 0.0 - 115 L
% Data from a St. Vital site also included as per|Janzen|(4).
I
v.) Grey, highly plastic clay.

Test Average Range Number
Moisture Content (%) L8,2 24.8 - 69,0 22
Liquid Limit (%) 59.8 -- 1
Plastic Limit (%) 2545 -- 1
Unconfined Compressive Strength

(PSF) 2340 -- 1
Wet Density (PCF) 111 105 -~ 117 17
Direct Shear (residual values):
Ef‘ective Angle of Interpal Friction
(degrees 9.5 8.0~ 11.5 3
Effective Cohesion(PSF) 130 72 - 216 3 -

°®

weta

¢c.) Low plastic, silty, sandy, gravelly clay (Till)

Test Average Range Number
Moisture Content (%) 16.8 7.5 = 30.8 23
Liquid Limit (%) 24,2 17.9 = 36.6 ?
Plastic Limit (%) 13.2 12,3 - 13.8 7
Wet Density (PCF) 128 108 - 142 11
Unconfined Compressive Strength ' :
(PSF) 1000 900 - 1800 3
Direct Shear (residual values):
Effective Angle of Internal Friction
(degrees) 31.5 - 1
Effective Cohesion(PSF) 0.0 - 1
Consolidated Undrained Triaxial:
(with pore pressurements)
| Effective Angle of Internal Friction |
‘ (degrees) 29,0 25.4, 32,5 -2
‘Effective Cohesion(PSF) 288 2

TABLE I

Sumnary of Laboratory Tests
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Pl.

Tache Avenue

riverbank, August 1971.
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P2,

bl S0, 8L LR

Tache Avenue riverbank site, 1858. Note what appears tc be

a fresh failure scarp.

Courtesy Manitoba Provincial Archives,

Ti
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P3.1 Timber pile retard at toe of slope.
Tache Avenue riverbank, 1959,

P3.2 Timber pile retard in P3.1 displaced
by bank movement, Tache Avenue, 1971.
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P4,1 New failure scarp, Tache Avenue site,
1959.

P4.2 PFailure scarp of P4,1 with grass cover
and small trees, Tache Avenue, 1971.



74

P5. Example of an older failure with fresh
cracks and slumps appearing, Tache
Avenue, 1971.

@

P6. Example of an overthrust of soil at the
toe of the failure, Tache Avenue, 1971.
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P7. Slope flattening to improve stability
with riprap at the toe for erosion
protection, Assiniboine River, 1972.

HER

P8. Slope flattening to improve stability

with a sheet piling retard for protection
against erosion, Red River, 1972.
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P9. Riprap protection of slope to above flood
stage. Note failure of bank through rip-
rap at right, Assiniboine River, 1972.

Pl10. Riprap protection to just above summer
water level, Omands Creek, 1972.
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P11, Riprap protection to just above summer
water level, Note size and gradation
of riprap. Red River, 1972.

P12 Rigid revetment for slope protection,

Note failure of revetment on the right.
Red River, 1972.
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P13, Combination of timber piling retard and
riprap ®flope protection, Red River, 1972.

P14, Timber pile retard. Note spacing of
piles. Red River, 1972,
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P15, Timber pile retard, single pile spacing.
Note condition of bank behind retard.
Red River, 1972.

v WM IRTRITE v |I:ﬂ!a_,s_: LARLE

P16, Timber pile retard, piles closely
spaced. Red River, 1972,
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P17. Timber pile retard, piles closely spaced.
Note condition of piles above summer water
level and failure of bank behind damaged
portion of retard. Red River, 1972,

P18, Timber pile retard, closely spaced piles.
Note overturning of piles due to bank
failure. Red River, 1972.
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P19, Timber pile retard with horizontal
planking. Assiniboine River, 1972.

P20, ?imber pile retard with horizontal plank-
ing. Note stone retaining wall well up
the slope. Red River, 1972,



P21,

82

Timber pile retard with horizontal
planking. Note established growth of
shrubs and small trees behind retard.
Red River, 1972.
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P22.1 Bank failure in backfilled portion of
an old channel. O©Cmands Creek, 1970.

P22.,2 Bank in P22,1 reshaped with a clay berm
and riprap for erosion protection at the
toe. Two horizontal trench drains were
also instzlled. :
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APPENDIX B, DAILY PRECIPITATION DATA FOR THE

WINNIPEG AREA
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ANNUAL METEOROLOGICAL SUMMARY

for

WINNIPEG, MANITOBA

DAILY PRECIPITATION = 1969

A

o
™

JAN

iA FEB “MAR APR MAY JUN JuL AUG SEP oCT NOV DEC
1 Tre .03 Tr. Tr, .07 <39 Tre 24 Trs

2 06 | Tr. | Tra .01 '

3 Tr, Tre Tre 022 »18 +O4 .01 M1

b Tr. Tre .01 Tr. .02 »37 1,05 | Tre

5 .08 Tr. 57 08 | .06

6 | .05 | Tr.| Tr. A5 | Tre| .09| 23| .02| Tr, 08|
i .05 Tr e L18 .01 .08 35 .08 »15 221§
8 o Olt Tr. .10 Tr. .0l .11 Tro 019
9 Tre Tra .05 Tr. Tr. e11l Tr. .03
LO Tr, Ol Tre .03 . 0% .01 Tros Tr, .02
Lty - Tr,. .01 Tr, Ty, Tr.e <05 202
.2 .03 Tre Tre |  o14 .03 s12 $02 ° 02
L3 03 Tr . .10 .08 57 Tes Tr. Tro
e Tr, +05 Tro. .06 .02 2Ol Tre
.5 ¢35 Tr,> Tre Tre Tr, »0 1 .0h .06 Treo Tz,
L6 o2l Tra | Tro Tre { Trs T™re Tre
LY Tre Tra Tra .18

L8 .02 <05 W17 «07 033  Ire Tre Tre
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28 Tr. .03 o16 .03 002
29 013 | 58 «59 Tre Tro Ty, »01
30 Tr, 230 .09 oul <17 .01 Tre
31 Tro 01 1.18 .01 Tre 003
tal | 1.87 | .3b 39 1.00| 3.02) B.13 | 3.99 2.25| 2,K0 1.07] W37 | o4
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ANNUALLMETEOROLOGICAL SUMMARY

Wfor
WINNIPEG, MANITOBA.
DATLY PRECIPITATION - 1970.
ATE JAN FEB MAR APR MAY JUN L AUG SEP CCT NOVY DEC
1| .07 .08 | Tr. Tr. - A
2 03 | Tr. | o34 o8 | Tr. 01 17 A6 1 Tr. .08
3 L1 | 402 | .60 .04 .02 Tr. 05
4 | 01 .04 02 +04
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6 01 .09 Ty,. Tra Tre
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12 .01 Tr. 01 L1 W21 L08 | Tr. |Tr. 002
13 | .05 Tr. 02 | Tr.| W01 Tr. 01
14| 27 Mo W37 : 1.28 Tre
15 | .12 oAb | #21 Tre .08 .31 Tre
16| Tr. | .11 12 a8 .02 Trs
17 022 Tre Trs .02 015 004
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19 1 o1 | Te. ,88 Tr. ' Tre | <0k
20 Tr. .02 B531] .13 2,01 T
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2% | Tre | Tre | 04 Tr, T Tr, 05| .08 03
27| .06 02 | 03| .08 42
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29| .02 .09 | 0L .10 L,16 | 2.20 0L
30 | Tr. | Tr. | -13 | .28 Tr. | 03 | Tre
31| Tr. Tr. .06 225 ] Tre
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APPENDIX C: RED RIVER WATER LEVELS AT WINNIPEG

(REDWOOD BRIDGE)
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APPENDIX Di SLOPE INDICATOR DEFLECTION DATA,

SITES 1 AND 2,



ANALYSIS OF SLOPE INDICATOR DATA

s LOPE IND!CATOR' DATA IN BORINGS

»Slope Indicator measures the inclination of the .

'ng in an observation well at frequent intervals
depth. One set of readings is taken in one
ove, and an additional set is taken in the groove
the opposite wall of the casing. The instrument
djusted so that the inclination (i} of the casing
T the vertical may be computed by the follow-
equation:

DNy —Ds
2k

tan i

Dial Reading in North Groove

DN =
Dg = Dial Reading in South Groove
k = 2000 for Series 200-B Instrument

y change in inclination at a given depth pro-
es a change in dial differences.

A Dial i DN — Dgl new reading —

[ DNy — Dgl initial reading

» change in inclination may be expressed as:
A Dial
2k

compute the lateral movements at each interval
jepth

- Atani=

AM = ¢ (Atani)
= ¢ (A dial )
where:
A M = lateral movement at each interval of
depth
¢ = vertical distance between successive
readings
c = {¢/2%

IT the vertical distance between successive readings
is constant, then the total lateral movement (M) of
any point with respect to the bottom is:

M=% AM
cZ AD_ial

For an instrument constant of k=2000, an average
distance between readings of £=20 inches (three
readings per five-foot length),

20

¢ 7 2(2000)

= 0.005

and M= 0.006 ¥ ADial

Thus the movements are computed very easily by

summing up from the bottom the changes in dial
differences and multiplying each sum by 0.005
(answer is in inches).

///////a\\\t;;’///’ﬁN-\\;‘\\\\‘\_ .

TYPICAL FAILURE PLANE
IN LANDSLIDE, DETERMINED -
THROUGH ANALYSIS OF
SLOPE INDICATOR DATA

SLOPE INDICATOR
INSTALLATIONS

FIG. V-A TYPICAL FAILURE PLANE IN LANDSLIDE

v
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THE SLOPE IMDICATOR GO,

Ty CBSERVATION WELL o 31 The movement is usually calculated only once per
suarc Focron v T - ' five-foot section, except in zones of active move-
—INSTALUATIoN. ST o

ment,

oare_2-1~65 nsTe _200-8 reao T68  cac 768 cuko, SWH.

= = N A s KO, CWH

oerTn | OFF L‘L"—-m?-_»—! OFF. | caice [__“"F R — 1 GIFE. IGHANOE]
4 Rk,

Y 4_,52;_“_{_547 Yt

[ L

The dial differences taken from the Field Data
Sheet (Fig. V-B) are transcribed directly onto the
Summary Sheet (Fig. V-C). As additional sets are
obtained, the new dial differences are likewise
transcribed onto the Summary Sheet. |f the dial
s changes are positive, the upper portion of the
dnsh Eﬁgg}g}f—gﬁ-‘g — casing )is bc;ing displacedhtobthe North (or positive
(5277 416 534533971 4 i e -
Tt 83 groove) with respect to the ottom,
KR — -y

Ej}t’—?;ﬁjé_:g‘-fi?r“i - Plots of dial changes ang of deflections are
1?2‘:53%‘;‘53’1_3‘“’ s Tarme prepared as shown in (Fig, V-D). The deflection
35 29 [ 5a) 700 curve should be drawn a5 a smooth, free hand
39 | curve. It should not be inferred from this method
of plotting that the initial casing installation is
vertical. For the purpose of measuring subsequent

movement the inijtia) casing inclination js not
plotted.

| -—_i522 535"

1822 154580 53—

_1537 L

If a zone of movement is determined from the
analysis of the data, it is recommended that field
readings be obtained at six-inch intervals within the.
zone. This will better define the limits of the zone

and the maximum movement,
FiG.v-8 TYPICAL FiELD DATA SHEET For BORINGS
THE SLOPE winicaTon co, SLOPE  INDICATOR DATA OB NOo Sk s 1 g
SEATTLE, WASHINGTON " OBSERVATION weLL no.___S§f~)
, PROJECT___SLope INDICATOR SLOT BEARING. M-8
—2=rh INDICATOR : — M-8
—
bare 37468 H37_200-8 OATE.AZI=65 _ msy_200-8_ CATE T Jare,

OEPTH f buias, fka_ 2600 o, Q005

CIFF CHANGE a‘::GE OEFL

——tmst___ Jour E—\mstx
K= __2000

e 00005 fy, ——cr K & : *e. cr.
LS 22— —— I e e R
GFF. | cnance [fcrange] oer OFF lemanes | ferane DIFF_ | CHANGE [{cnance] oErL T owE ]cumcs_(uuscel CEFL.

O |

h—t 1 g1

FIG. V.C TYPICAL SUMMARY SHEET FOR BORINGS

V-2



| D3
' SLOPE INDICATOR DATA -- TA-1

DATE | 8.12.69 110.12,69 24,12.69:31.12,69 23. 1.70 16, 2.70 23, 2.70

DEPTH, DEFL, | DEFL. OEFL. = DEFL. = DEFL. @ DEFL. : DEFL,
(£1.); (ina) 1 (in.) (ing) - (in.) - (in.) = (ind) ¢ (in.)

2.2 -0.342 | -0.732 -1.056 ~1.128 ' -1.,58% ' -1.752 ' -1.992
Le2 -0.360 —0.774 =1.134 © -1,194 -1,674 @ -1.8hk2 - -2,070
6.2] ~0.384 ; -0.816 -1.212 . =1.266 . =1.770 -1.938 = -2.154
8,2 ~0. 414 -0.852 -1.260 = =-1.320 @ -1.830  -2.004 = -2,220
10.2] ~0.438 -0.888 -1.3¢8 & ~1.380 | -1.914 . -2,088 - -2.316 |
12.2; -0.462 + -0.930 ~1.362° 0 -~1l.452 @ -2.004 . -2,202 ~2.,436 |
1“’.2\ —O.L#SO ‘, "0.9824’ —leLLLLO 7 "‘,leSLl’Z : “‘2.12“’ “‘2.3“‘6 : -2.592 f
16.2 -0.504 | -1.044 -1.536 . -1.638  -2,304 -2.538 @ -2,802 |
18.2 -0.498 | =1.032 =-1.518 : =1.620 -2.256  -2.502 - ~2,760 i
20.2 ~0.,456 | -0.,942 -1.,380 . -1.458 ~2,016 | -2.250 = -2.490
22,2 -0.318 . ~-0.660 -0.984 © -1,008 -1.,392 -1.542 = -=1,716 |
2)"'"2 “’00132 E "00288 ”0.456 —O.LJ'ZO "00600 "006_60 -00738 4’

26.8 0,018 ; 0.036 0.0 0,078 0.060 0.072 = 0.072 |
28.2] 0,048 0.078. 0,060  0.138 = 0.138 0.150 = 0.162 |
30.2. 0,036 0,066 0.048 = 0.108 0.108 0.114 : 0,132 |
32.2. 0.024 0.042 .0.030  0.066 0,066 0.060 ° 0.078
34.2. 0,006 - 0,012 0.006 : 0.018 0.012 0.018 ' 0,024 |

DATE 1B. 3.70, 9. 5.70 16, k.70 31. 7.70 1k. 8.70 28. 8.70 1h. 9.70

OEPTH DEFL, | DEFL, = DEFL, = DEFL,  DEFL, . DBEFL, , DEFL,
(fte); (in.)  (in.) - (in.) - (in.)  (in.) (in.) ' (in.)

2,2, -2,172 =2.952  -3.096. =-3.120 -3.072 -3,054 -3,048"
4.2; -2.250 =3.060 =3.,228 -3,270 =3.246 -3.,240  -3.234,
6.2/ -2.322 -3.168 -3.360. =-3.426 -3.426 ~3.438  -3.426
8,21 -2.394 -3.276  =3.,474 -3,564  ~3,564  -3,570  -3.570:

12,2, -2.616 -3.558 = -3.774  -3.882 -3.876 -3,882 -3.894:
4.2 -2.802 -3.780  -L4,014  -L.122 4,116 -4.110 -4,128.
16.2 -3.024  =L,068  -4,320 -4,422 4,404 ~h ol L 416
1802! "20982 -L’-.OLLL{' "“‘.296 "4.350 "4.326 -49326 "45336'
20,2 -2.688  -3,654 -3,876 -3,882  -3.864  -3.870 -3.882 |
i 22,2 -1.836  -2,472 -2.610 -2.634 -2,610 -2.628 -2.640,
f2h,2 -0.780  -1.026 -1.056 =-1.,092 -1.074% -1.092 -1,122°
26.2° 0,096  0.156  0.222°  0.234  0.234 0.222  0.186"
28.2 0.198 0.264 - 0.3241 0.342- 0.318" 0.324, 0.288:
30.2  0.156 0.192 0.240 ] 0.276 0,246 0.252: 0.234:
32.2.  0.090 0.108 0.138 0.180 0.156 0.162 0.150
34.2 0,030 0,036 0.0481 0.078 0.060. 0.066. 0.060 |

: | ; ; E - . » s o

At s e it R i

10,2 -2.490; =-3.402 -3.606. -=3.708 -3.708 - =3.714, =3.720; -



DATE 25. 9.70-13.30.70,29.10.70 [12.11.70
DEPTH DEFL. | DEFL, "DEFL, DEFL.
(££.)] (in.) (in.) (ine.) (in.)
2621 =3.372 -3.390 ~3.396| -3.936
L2t ~3.,4747 =3.510 -3,510 -4,050 |
6.2 -3.624] =3.,6241 =-3,624| -4,170
8.2f =-3,7141 ~3,744, -3.738 ~-4,290
1002 *3.846 “3.876 ‘3.864 —4.428
12.2] -L,008 ~4,038 -4,020 -4.602
14.2 -4.221’4’ “1‘4’.254 -L’r.ZLIrZ “4.830
116420 -4 4981 -4,518] 4,524 -5,118
‘1892 -hbulé -N.RBQ ~u.u34 “5.0“6
20.2 "3.942 -3095u -39966 “4.530
22.20 ~2.640 -2.,682 -2.682 ~3.,066
24.2 ~l.098 —1.134‘ —l.llO' -1.284
26.2] 0.234 0.198 0.2341  0.216
28,2 0.336 0.312 0.336 0.330
30.2] 0,270 0.240 0,270 0,264
32,2 0.174 0,144 0,174 0,162
34.2] 0.0721 0.066 0.072 0.072 |

D4



SLOPE INDICATOR DATA -- TA-2

D5

p

DATE 28.12.69j16.12.69!24;12.69 31.12.69{31. 1.70| 6. 2.70,23. 2.70
! | i H
DEPTH! DEFL. DEFL. } DEFL. DEFL. DEFL. DEFL., DEFL.
(£t.) (in.) (in.) | (in.) (in.) (in.) | (in,) (in.)
1.0; -0.516 - -1.368, =-2.064 -2.292 1 =314k -3.390; -3.822
3.0 -0.k02 -1.116; =-1.680 ~1.866] -2.8041 =-2,802] =3.240
5,0 -0,300. =0.870: -1.308 -1.452; -2,064 -2.220 ~2,634
7.0 -0,204 -0.588; -0.,900 ~0.996! ~1.448 1 .-1,554+ =1.932:
9.0 -0.043  ~0.174:. -0.258. ~0.2761 . =0JLll i -0, LuL -0.,696°
11.0. 0.036 0.0481  0.096 0.1201 0,114 0,150 =0.024:
13,00 0,060  0.114; 0,210} 0.240!  ©0.282] 0.330! 0,180
135.0 0,048  0.090. 0.186] 0.216,  G.248 0,288 0,138
117.0 0.024°  0.042 0,120, 0,150 0.150 . 0.1801  0.02h
19.0. 0.018; 0.012 0.084 0.114 0.096  0.108: ~-0.042°
21.0° 0,018 -0.012 0.060 0.090" 0,060  0.072 =0.,072
230(): 09012 "'00012 00042 0.072: GQOL"Z ‘ 0005)‘!‘: ’00078 :
25,0 0,012, =-0.018 0.018 0.054! 0,030 0,030 -0.078
27.0 0.024: -0.018 0.012 0,054  0.036; 0,036, -0.060.
29,0 0,036 -0.006 0.036 0.078  0.054! 0,060] =-0.036
31.0 0.0b2! 0.006  0.054| 0,096t  0.078] 0,078 =-0,012
33,0 0.048: 0.012 0,054 0.102! 0,084, 0,084 0.0
35,0 0,048  0.012 0.048 0.102, 0,078 0.078. 0.0 .
37,0 0.048. 0.0 0.042 0.090:  0.060: 0,066 -0.006"
39,0 0.030: -0.006 0.024 0.060 0.042! 0,036 =-0.018
1.0, 0.018] =-0.006, 0.012 0.042 0,012  0.024] ~0.024
43,0 0.0 -0.006' 0.0 0.012| -0.006} 0,006; =-C.024%
45,0 -0.,006! -0.006] ~0.006! -0.0061 =-0.006] -0.006{ =-0.018
DATE 18. 3.70| 7. 4,70(16. 4.70:31. 7.701k. 8.70 28, 8.70 14, 9.70.
DEPTH: DEFL. DEFL. DEFL. DEFL. DEFL. DEFL. DEFL.
(£t) : (in.) (in.) (in.) (in.) (in.) (in.) (in.)
1.0 -3.8181 =5.,190! =5.9461 =7.218 -7,0984 -7.128| =7.47C
3.0 =3.2800 -4.,206 -5,946! -5,4781 -5.370 -5,394| -5,598
5.0, =2.712, =3.216 -3.372, =3.762] -3.648; -3.702 ~3.738
7.0 -1.,986: =2.172 -2.064 -2,046| -1.932} -1.980 ~-1.872
1 9,0 -0.6651 =-0,804 =-0.720 -0.888 -0.774| -0.828| =-0.606
13.0 0.048; -0.042; 0.0U8 -0.210! -0.084: -0,150!1 =0.10%
13.0  0.246 0.198! 0.306; 0.060:  0.180 0.120 0,354
15,0 0.192} 0,162 0.264 0.084] 0.198 0.138 0.35H
17.0.  0.066.  0.024{  0.126 0.024; 0,120, 0.060 0.270
19.0 0.006' ~0.048 0,066} ~0,048 0.030 | =0.030} 0,168
21,0 -0.012. -0.090; 0024 =0.108| ~-0.048  =-0.078: 0.11h
23,0, -0,018 -0.102! 0,006/ ~0.120 . -D.066 1 =0.096.  0.07¢
25,0 =-0,030; =-0.108. 0.0  -0,11k4i -0.078: =0.102: 0.060
29.0 -0,018. =-0.096 0,018 -0.096; -0,066 -0.084 0,066
20.0 =0.006" =0.066: 0.0481 -0.060. -C.048: -0.060° 0,084
31.0 0.012 =-0.042/ 0,084  -0,036 -0.030 | -0/036"  0.090
33,00 0.018. =-0.036 0.102 -0,024 -~ -0.0}2  =-C.024: 0.0G¢
35.0 0,018, -0,0421 0,102 -0.018  -0,012: -0.024" 0,084
37.0 0.0 . =0.054] 0,090° =0.030 =0.024  -~0.048" 0,054
39.0 =-0.0121 =-0.054 . 0.078 -0.0L48: -0.082° -0.060 0,015
41,0 ~-0.018 ~0.0L8" 0.054. =0.054, 0,030 1 =0.060" 0.0
43,0, =0.024  -0.0H2 0,024  -0.0L7, -0.024; -0.048, -0400¢
45,0, -0.030 -0.,018 0.0 | =0,024i -0.,030 =-0.02h; ~0,006



SLOPE INDICATOR DATA -- TA-2(cont'd)

DATE}zs. 9.70(13.10,70|29410,70 12.11.70 19,11.70
DEPTH! DEFL. DEFL DEFL. | DEFL, DEFL.
(fte)! (in.) (in.) (in.) | (in,) (in.)
1.0? “7-980? ‘80058 “8 004 ’8.880 “lloloo
3°Oi ‘60060} —60102 ‘6 054 —6.744 —8.87@
5,0 -b,152: -L.152] =4, 116 =4.620 ] -6.594
7.0 =2,244' -2,190| =~2.172° ~2.,404 | =L,170
9.0 =0.930. =0.906 0,864 -0,946; =-1.374
11.0: =0,186' =-0.174; -0.138" -0,120! =-0.030
{1 13,0 0.084  0.090 0,144 0.132 1 0.276
15.0 0.096" 0.096 0.150 " 0.114, 0.180
17.0] 0.018° 0.018 0.072i 0.,024{ 0,012
19,0 -0.054. =-0.054! =0.012; -0,060 ! =0.060
21,0 =0.,000 -0.096, =-0.060: -0,108 -0.,102

| 23,0 -0,108° =0.114 -0 0781 =-0.126| -0.120
125.0f -0.114' -0.120. -0. 072 =0.126| =-0.126
1 27.01 -0.096 =-0.114] -0.060' -0.108 -0.1314
g ,  =0.066" -0.078 =0.036! =-0.066 -0.066

31,0 -0.036 -0,042' -0,012] =~0.,030 -0.030
33,0: =0.012 -0,030, -0, 006 =0.012| =0.006;
35,0 =0.012  -0.,024 0.0 | =-0.,004 0.0 !
37,0 -0.,024  -0.024 -0, 018! -0,012! =-0.006;
3900% “000301 ”000363 —O 036 -O 030’ '0002&%
Li.0, =-0.018; =-0.048; -0 042 =0.030, ~0.024;
43,0, =0,012. =0.042{ =0.036; =-0. 0241 -0,024
45,0 -0.012' =-0,030° =0.024: -0, 018 | -0.018]

: !

N
O
L J

j]




SLOPE INDICATOR DATA --TA-4

D7
DATE 29.10. 70]12 11. 70 110.11.70126.11.70 | 3.12.70|10612.70 |30,12.70C
DEPTH DEFL, i DEFL. DEFL. DEFL. DEFL. DEFL. DEFL.
(£t.) (in.) | (in,) (in.) (in.) (1ne) (1n°) (1no)
1,00 -0.096 =0.126' =-0.228, =-0.,168 -o 17u -0 150 -0, 438
3.0 -0.078 =-0.073, =-0.174] -0.120) =-0.126| -O. 1961 -0,336!
5,0 -0,048! -0.024 -0,120f{ -0.072| -0,078 -0.0367 =0,222!
7.0 -0,024  -0.018 =0,072] -0.036| =-0.,024 0.030| =-0.096:
9,0 =-0,006; 0.048, -0.030 0.0 0.018 0.084| - 0.012,
11.0. -0,006, 0.066  -0,006, 0,02k 0.042 0.,108" 0,078
13,0  0.006" 0.072° 0.0 0,030 0.048 0,114 0,084,
1500 00012, O Oéé!ﬁ OQO | 00030 ODO)‘I’S 00108 00078
17.00 0,006 0,066 0.006: 0.036 0.042 0,096 0.078!
19.0. 0,006! 0.0665 0,012 0.042! ~0,048 0,090 0.078:
21.0 =0.,006 0.042! 0.012 0.030 0.036 0,066 0,066
23,0 =0.006 0,030/ 0.,006° 0.030 0,030 04066 0,066
25,00 =0,012 0,030 0,006 0.030 0,030 0,072 0.072
27.00 0,006 0.0421 0. 0?4' 0.042 0,042 0,078 0,084
29,0 -0.006 0.036!1 0,030 0,048 0,048 0.078 0,090
31.0. =-0.012 0,024 0,024 0,036 0,036 0.060 0,072
33.00 ~0.,0C6| 0,012 o 012: 0,018 0,024 0.048 0,060
35,0, 0.0 0.006 00006; 0,006 0.018 0,042 0,054
37.0, -0.006 0.0 | 0.0 | =0,006 0,006! 0.030 0.036.
39.0{ -0.006 0.0 ! 0.0 i -0.006 0. ooé* 0,018 0,024
DATE 22. 1.7111. 2.71, 24 2. 71 112, 3. 71 26 3. 71 8c by 71 ?6 L 71;
DEPTH %EFL. DEFL. % DEFL, DEFL. | DEFL. DEFL. DEFL. %
(ft.) ‘in, (in.) | (1no) (1n.) (in,) (1n.) (1no) g
1.0 -0.504| ~0.6841 -1, 068! S1.134 ] -1.164) 21,0620 -1.2901
. 3,0 -0.L462| -0.522. -0.882 -0.960 =~0.990! -C. 8761 ~1.020;
5,00 -0.306| =-0,3541 =~0.690 -0.768| ~-0.804 -0.702 -oo?sog
oq -0,108| =-0.1081 -~0.408 -0.4B6! -0.5101 ~0.4201 =0,480!
0.05L 0.108 -0.,138| =0,186| -0,198  =0.114] -0.198;
11 o 0.150 0.228; 0,048 0.036 0,054 0.132 0.048;
13. o 0.156 00222, 0,048 0,036 0,054 0,132 0,054
15,00 O. 156 0,204 O.ol2 0.030 0.0L48, 0.126§ Oe 048
17.00  0.144 00,186  0.0k2 0.024 0.036  0.114;  0,03€
19,0 0.126| 0,168  0.0421  0.018 0.036. 0,108 0,030
21.0 0. 006 0.138 0,024 0.0 0,012 0,084 0.012,
23.0 O, 096 O 1hl: 0.036 0.012 0,024, 0,090  0.012
25.0 0,102 0,138, 0.042 0,024 0,036 0,096 0,012
27.0 0,104 0o1hl; 0,060 0,048 0,060 0,108 0.030
29.0. 0. 120 0.150 0.066 0.060: 0.072; 0,114  0.042
31.0 0,102 0,126 0.060 0054  0.066; 0,102 = 0,036
33.0 0.072] 0.096  0.042| 0,036  0.048 0,072 0,02k
3500 O Ou'gt 01072 00030 00024 Oe036 O 0514’ 00012
37.0 0o 0362 0,0u8 0,024 0.012 0,030 Oo 036. L 0.006
39.0 0o ozu 0,030 0,018 0.012:  0.030 0, 030, 0.012



ST,OPE INDICATOR DATA --TA-U4 (cont'd)

D8

'DATE 0. 5.71[25. 5.71 11, 6.71 13..7.71|25. 8.,71122., 9.71]26.10.71
DEPTH -~ DEFL. DEFL. |, DEFL. DEFL. DEFL. DEFL. DEFL.
(£t.) (in.) (in.) (in.) | (1n.) (in.) (in.) (in.)
1.0 -1.248| =-0.936, =-0.774  -0.7hk. -0.762; =-0.900| =~0,804
3,0 =1.032! =0,726! =-0.594' -0,5888 ~0.576] ~-0,678| =-0.612:
5,0 -0.810| =0.510 =~0.420, -O. L32: -0.L08| -0.468| =0 4321
7.0, -0.5521 =0.312| -0. 258‘ -0,276, =0.2b0| -0.276| =-0.252
9.0 «0,282! =0.114| =0.102: =0,126° -C. 0961 =0,096! =0. 078’
11.0, -0.030 -0.060| . 0.042 0,012 ~ ~0.0hk2; 0. 054 .0.084]
13,0 =-0,018! 0,066 o o488  0.038 0,042 0,060 0,090
15.0 -0.042] 0.060: 0.048° O, 036 | 00036. 0.060 0.090!
17.0 -0.030! 0.060| 0.048 O, 036 0.036 0.054 0.09C.
19.0° -0.,036. 0.060 0.042° 0. 036 | 0,024 0.054 0,084
21.0 -0.0B2] 0,048 0,030, 0,024 0.018 0,048 0.072
23.0: -0.030! 0.054 o.042. 0.024) 0,018 0.048 0,072
25.0: ~0.012!  0.060 0.0541 0,030 0-024 0.054 0,034
27,0 0,018 0.078 0,072+ 0.0L8! 0,042 0,072 0,102
29,0, 0,042 0.096 0.078+  0.060] 0.054 0.078 0,120}
31.0] 0.036 0,084 0,066, 0.048 0,042 0.060! 0.102
33,00 0,024  0.066 | 0,048 0.0365 0,024  0.042 0.072]
35,00 0.012 0.042 0.030 " 0.024: o 036! 0.030 0,060
37.0, 0,012 0.030 0.024: 0.024,  0.030] . 0,024  0.042;
39.0[ 0. 018{ 0,018 | 0,024 0,018 _ 0.030| 0.030; 0.030,
DATE %90113,1 22,12.71 i :
DEPTH DEFL. | DEFL. :
(fto)' (in.) | (in,) ; i
I,00 ~0 ‘ ;
3.o§ -0. 654 -04750 ;
5,0 -0.4501 =0,486 g
7.0 -0.,258| =-0.252 :
) 9001 =0 072‘ -00054 B
11.0, 0,084, 0,102 ;
13.0° 0. 084| - 0.102 |
; 1500 00078 ‘ 00096 )
17.0. 0:078.  0.090 :
19,00 0,072 0.084 §
21.0 0,060 0.066 i
23,0 0.060! 0,060 i
25.0 0,066 0.073 ;
27.0, 0,090, 0.090 :
29,0 0.102: 0.102 i |
131,00 0.090. 0,084 § %
1 33,0 0.072' 0,060 : g
35,0 0.048° 0,036 é !
1 37,0 o 0361 0.030 ; ; | :
'39,0. 0.030° 0,030 - | ? ﬁ



SLOPE INDICATOR DATA -- TA-5 D9

DATE £9.10,70112.11,70 19.11.70!26011.?0 3012470 10.12,70,40 12,7 |

DEPTH DEFL.  DEFL. DEFL. | DEFL. | DEFL, DEFL. UMFL.S
t :

(ft.) (in.) . (in.) (in.)

(in.) (ino) (ino) ‘(1no)

1,0 -0,1141 =0.204| =~0,132! 0.018| =-0.132| =-0.126| -0.240C
3,00 -0.102° -0.180| =-0.120: 0.006] -0.132] =-0.108| =-0,192
5,00 -0.084 =0.156 -0,1021 0.0 -0.126| =-0,084| -~0.126
7.0 -0,066i =~04132! =-0,090 0.0 -0.114| -0.,066| -0.096
9.0, =0,060] -0.114 =0,-90 0.0 -0.120! -0.066| =0.09€¢
1.0 6.0
3.0

560

-0.048' -0.090{ =0.072| 121 =0,114! =-0,060| =0.08k
"Oeougé —0.090 —09072§ 00018 -Ocllu “00054 —0,08&3
-0,060i =0.,102| =-0.078] 0,006 =0,120| =0.066} =0.69C:

17,0 =-0.060, =-0.,090| =-0.072 0.0 -0.114| -0.060| =-0.684
19,0 -0,054: =0,084 -0.060! 0.006! =0.102| =04054} ~0.072]
21.00 -0.048, -0.072] -0.048 ~ 0.012 «0,096| =0.042| =~0.060!
23,0 -0,048, -0.060, -0.030. 0.024° =-0,084{ =~0.030| =-0,048
25,0, -0.036: =-0.054| -0,018 0,036 =-0.072! =-0.072; =0.018
27.00 -0.030 -0.048] =-0.012 0.0b2| -0.066| =-0.012| =0.018

29,0 -0,024 =-0.,030 -0.006 0.054 | =~0.05 0,006| =0.006]
31.0 -0.012; -0.024 0.0 0.060| =-0.,042 0.024 0.0 |
33,00 0.0 | -0,018 0,012 0.060| =0,024 0.030 0.006!
35,00 0.0 | =-0.,018 0.006! 0.,054| =~0.018 0.024 0.,006i
37.0 =0, 006 =0,012 0.0 0.048 | =-0.018 0.018f 0,0 |

39,0 =-0,018 -0.024] -0.,012 0.030 ~-0,036 0.006] =-0.018!
41,0 -00036 -0,042 -0,030 0.006| -0.,054] =-0.,012| =-0.030:
43,0 =0.,036 -0,048 -0,0361 -0.006| =-0,054 -0.,024| ~0.042!
4500 -00030 -00048 "00030; _-00018 “09048 “0.030 ”090422
47,0, -0,024| -0.036| =-0.024; -0.018 -0.036] =-0.024| =0,03C
49,0 -0.,018! -0.,018| -0,012| -0.012 -0.018 no 012| -0. 014%

T Lt

E 22, 1.71 11, 2.711 24, 2.711 12, 3.71(26. 3.7 8. 4 71 26 u 73

DEPTH  DEFL. DEFL. DEFL. DEFL. DEFL. DEFL. DEFL.

(ft.)| (in.) (in.) (in.) (in.) | (in.) (in.) (ine) |
1.0 =~0.582 ~-0,438 -0.2761 =-0.306| -0.348 0,522 -0.414!
3,0 =0.474) -0.342 -0,180| -0.,204| ~0.252 -0.b02! -0.282
5,0 =0,360 -0.248 -0.084f -=0.108 -0.150) =0.,270 -0, 144
7.0 =0:270 ~0,162 0.006 -0.012 -0,054] -0,162 ~0..030:
9,0, =-0.228{ -0.120 0.054 0.042 0.006: =0.096 0.030,

11.0 -0.186: =0.084 0,090 0.084 0,054} =-0.042 0.084i::
13.0; ~0,198 -0.108 0.054 0,048 0.018) -0.072 0.054
15.00 =0.210 -0.132 0.018 0.012 -0.018{ =~0.102 0,024
117.00 -0.210] -~0.138 0.0 0.0 -0.,036] =-0,108 0.012"
19,0 =0,198! =~0.126 0.0 0.0 . -0,036 -0.102 0.01Z2:
21,0 =-0.180; =~-0.102 0. 006 0.012| -0,018! -0.084} 0.018:
23,0, =-0.,162. -0.084 6.018 0.018 0.0 -0+0661  0.030G°
25,0 -0.128 =-0.060; 0.024, 0,030 0.012! =-0.048., 0.036.

27,0 =0.120! -0.042: 0.030, 0.0U2. 0,024 =0.036' 0,035

29,00 -0.090. -0.018] 0.036 0.048 0.036

~0.018 1 - 0.042"

31.0, =0.078 ~=0.0 |  0.0b2, 0,054 0.0B8! -0,0061 0.0LE:
33.0, =0.072 0.006  0.048]  0.0601 0.054 0,0 +  0.05+~
35.0 -0.066, 0.012 0.0L8" 0.048 1 0.0B8! -0.006| 0.OhZ:
37,0, =0,060; 0,006 0,036 0.030 | 0,042 =-0.012: 0.030
29.0 -0.066: <-0.018, 0,012/ ~ 0.006 ~ 0.02k4 -0.024 1 0,012°
41,00 -0.072! =0,035 ~ -0.012- -0.012: 0.0 "t =0.036"! =0,00GE
43,0, -0.072. =-0.,048! -0.030; ~0.030 . ~-0.01§ =-0;042, =0,02L"
45,00 -0.0661 =0, 0242 -0 036 0,042 | -0.030 -0. O42? -0.03%!
{ b7,00 -0.048°  ~0.0 -0.0 -o.oggg ~0.0 -0. og ~ -0.035
Lo.0 -0.02L: -0,024  -0,018 eO.Qmwdmm_—0.012 -0.024 . ~=0.,02%.




SLOPE INDICATOR DATA =- TA-5 (cont'd) B10

:
§

i
{
i
¢
H
i
i

3
1
i

;
1
;
1

€

) - 1
DATE 110, 5.71°25. 5.71111. 6 71{13. 7.71|25. 8.71|22. 9.71 26.10.71 .
DEPTH LEFL. DEFL. | DEFL. DEFL. DEFL. DEFL. | DEFL.
(ft.) (in.)  (in.) (in. ) (ins) (in.) (in.) ! (ine.)
1.0 =0.376; =0.222| <=0.248] =0.3787 ~0.1747 =-0.228 = -0.23%:
3.0 -0.264 -0,162| -0.204|{ =~0,300{ =-0.144] -0,180; =-0.204
5,0 -0.138" =-0.090] =-0.150| =0.222) =-0.096| =-0.132] ~0.162:
7.0 -0.042] -0.,036| -0.108| =-0.162| =-0.036| =-0.096] -0,132,
9.0 0.,018. 0.0 -0.078{ =-0.132| =-0.006| =-0.072: =0.102.
11.0 0.072. 0.042| -0.036| =-0.096 0.036| =0.,030] =-0,060:
13.0 0.030; 0,012} -0.054; ~0.108 0,018 .-0.048, =0.,078"
15,0 -0.,006: =-0,030}! .<0.,078! =-0.130| -0.012| =-0.,084% -0.10%2.
17.0 =0,024. -0.0L2! =-0.090{ =-0.144| =-0,018| =-0.102| =~0,108°
19,0 -0.024: =~0,042! -0,084; =-0.132| -0.018; -0.,108| =~0.108,
21.0 =~0,018 -0,030. =0.066! =-0,102, =0.018} =-0.090} -0.090:
23,0 %0.006' =0,018| =-0,054! =0.,078; =-0.006| =-0.072; =0,066"
25,0 0.012, -0.006! =0.036{ =0.0481 . 0.0 -0.048] -0.,042
27,0 0.030m 0.006! =-0.0241 =0,030 0.006| =-0.030; =0.024"
29.0 0,042, 0.030; =-0.012! =-0.012 0.018| -0.012| =-0.,006
31.0 0,042, 0.036. 0,0 - 0,006 0.024 040 0.0 |
33,0 0.048' 0.042 0.006 0,018 0,036 0.012 0.006
35,0 0.042. 0,036 0.006 0,012 0,018 0.006 0.0 |
37,0, 0.030: 0.024 0.012 0,006 0,012 0.0 -0.012
39,0 0.012°  0.006] =-0.006., =-0.006| =0.012] =-0.02k} -0.030
L1.0 -0.006| -0.012] =-0.024 -0,018| =-0.018| =-0,042| =~0.042
)4’300,: "00021“:” "00030 "00036 “00036 "’06030 "‘0005“‘ "0005“’
45,0 =0,030  =-0,0L2! -0,0L2 | =-0.042| =0.030) =0.054%) =-0.,05%
47,0 -0.024: =-0,036! =0.,036| =-0.036| =-0.024} =-0.048| -0.0LE]
49,0, ~0.012! -0,024| =-0.,012| =-0,024| =0.012| =0.030| =-0.,030
DATE 23.11.71122.12.71
DEPTH DEFL, DEFL.
(fto); (ino) (ino) !
1.0] -0.198 ] =-0.306
3,00 =0.162, =0.264 1
5.0; -0.120; =0,180
700 =0,090  =-0.114;
9,0, =0.060] =0,078;
11,00 =0.024| =-0,0481
13.0 =-0,030! =-0.066"
1500 "00014'8 "00090 .
17.0. ~-0.054 1 -0,102
1900 ”OQ'OL“Z ; "00102
21.0° =-0,024 1 =0,090":
23.0. -0,006; =0.072
25.0 0.006: =-0.060C:
27.0 0,018 =0.054: 2
29,0 0,024 -0,036" ?
3300: OoOLl'Z ’0.006 ‘ )
35.0. 0,036 -0.006 §
37.0. 0.018 . -0,012: |
39.0 0,0 1 -0.030: §
141,00 -0.018: ~0.054 g
43,0, -0.042 | -0.072 5
45,0 =-0.054  =-0.078" |
47,0, -0.048 | -0.060: |
ugooi -0.030 . =-0.036 g i



APPENDIX B,

DAILY PRECIPITATION DATA FOR THE
WINNIPEG AREA



18

ANNUAL METEOROLOGICAL SUMMARY

for

WINNIPEG, MANITOBA

DAILY PREGIPITATION ~ 1569

DATE JAN FEB MAR APR HAY JUN JUL. AU SEP oCT Ndv DEC
1 Tro .03 Tro Tre 0% 391 Tr. o2 Trs
2 006 Tra T, 201 _
3 Tro T o Ty, 022 «18 N .01 o1
# Tr, Tro 201 Tr o ',02 <37 1.05 Py
5 « 08 Tr. 57 .08 .06
6 05 Tra Tre o15 Tr, .09 «23 .02 Tr. .08
Y <05 Tre <18 .01 LOR «35 .CB 215 021
8 O | i, | 10| Tr.| o4 .11 . Tro | 19
g Tre Tra .05 Tra Tr o 011 Tra « 03
1o - Tre Ol Ty o . .03 .07 .0l Tr. Tr .02
L1 Tro | .01 Tr, Tro | Tre| .05 .02
L2 «C3 Tro Tr. o1l .03 . 012 002 <02
L3 03 Te o <10 081 .59 Teo | Tw.| Fre
L Tro .05 Tro <06 .02 2Ol Pro
.5 035 Ty, Tr, Tre Tr, <0 1 <O} o 06 Tr. Tr o
16 o2l Tr, Tr o Tr, | Tr, Ty Tro
i T1 o Tre Tra .18
.8 <02 <05 o177 o 07 <33 T, ™re Tre
« 06 Tro Tr, Tro e10 T, T
0 « 0l . | Tr., Tes Ty, Tre
1 o1h Ol frg <53 .10 .02
22 «30 - 0% Tro Ty o T Tr, el o
'3 ¢03 .0l Teo -0l Tro Ty, e13 01
4 <05 .01 _ .38 o OL Tr, <06
5 Tre e 22 59 01 .07 <02 02
6 Pr. Tro| - W8 AR L0l 1,92 <08 Tr, .06 Tro
i 020 Tr, .0l Trs| 126 .03 Tr. Trs Tr.
8 Tre «03 «16 « 03 002
9 013‘ E _ .58 <59 Ty, Tr Ty, .01
0 Ty «30 209 o 1L 17 0 01 Ty,
1 Tr o «01 1.18 .01 Tr, 203
al [ 1,87 | .3b 391 1.000 3.020 ho13 | 30900 z.25] 2.0 | o1.0%] 57 |




18
ANNUAL METEOROLOGICAL SUMMARY

for

WINNIPEG, WANITOBA.

KLl

DAILY PRECIPITATION - 1970,

JATE Jﬁ:N FEB MAR APR MAY JUN JuUL AUG SEP oCT NOY DEC

c1 ] W07 | W08 Tr, , | Tr. A2 W41
2 | .03 | Te. | W34 Lo | Tr, o1 a7 a6 T 08 |
3 | .01 02 | W60 04 | 02 - Tr. 05
4| .01 .04 02 ' : NS

5 | Tr. | Tr. | Tr. .08} 20| Nl
6 | 01 .09 - Te,. | Tr. Tiro
7 01 | Tr. Tr. Nul ’ Tr. 281 Tr, Tr. Tre
g | Tr. | Tr. | Te. | 07| TIr. il 1 .06 2
9 | Tr. 05 | .17 Tr. 22 .03
10| .09 | 06 03 | «40 L 1 Tr.l .04 Tre
1) orer. |orrs | el | 17429 071 04 A N
12 0L | Tr. | | .01 AL | 2L .08 Tr. (Twe | 02
13| .05 Tr. .02 Tr. 0L . Tr. sO4
14 | <27 | 0L 37 1 - 1.29 Tr.
15 | .12 | Ah | w22 | Tre | 081 W31} : Tre
16 | Tr. 211 012 .18 - _ 02 1 Trs
17 W22 : : ' Tr. | Tre .02 | W15 04
181 Tr. Tre : A8 Tw. | 202 | Txo
19 0L | Tr. .88 Tr. o Tre | o0
20| Tw. .02 53] 13 2.01 Two :
21 Tr. a5 Tr. 651 .53 W06 | W04
22| 1r. .01 Tr. : Sl .06 SRR I W02 | o08
23| 03 | .02 e12 <15 Tr. s 0
o4 1 Tr. Tre 127 L7 C Tr.l Tre .16 .03
251 07 | 0L | Tr. B4 | W36 | .12 C61 W7 ] Tee | Tre
261 Tr. Tre 04 Tr. Tr. Tr. 051 .08 03
271 .05 02 | .03 | .08 - ‘ 042

281 .05 20 | s | Tr. | fr. 05 | 02 | Tre
29| .02 09 | .01 | .10 A .16 | 2.0 .01
30 Tr. Tr. .13 .28 : Tre =03 Tee
31| Tre B &3 .06 g 25 | Tro

Potall .00 | .59 | 1.08 | 257 3o4% | 1.99] 2.74 2.95| A.bL 1,05 | 5,05 | 52




APPENDIX C: RED RIVER WATER LEVELS AT WINNIPEG
‘ (REDWOOD BRIDGE)



APPENDIX E: BANK MOVEMENT DATA - ALIGNMENT PINS



TACHE AVE. ALIGNMENT PIN DATA

El

PIN ELEVATIONS

SLOPE DISTANCE

DATY

2

J

N

5

1&2.

2&3

3&U

b&5

LINE 1

12;12?29
13/12/69
22;12/69
S/ 1/70
27/ 1/70
12/ 3/70
17/4/70
27/ 4/70
1/ 5/70
7/ 5/70
22/ 5/70
421/ 8/70
27/¥1/70
11;’2;71
12/ 2/71
15/ 3/71
29/ 3/71

56,66%53,47

56.70
564,67
56,67
56,673
56,60
56,65
56,66
56.65
56,67
56,67
56,61
56,66

56.68

56.66

56,60

5347
53.43
53.55
53.63
53.51
53.52
5351

53.50

53.46

53.41
53.48

53.49
53,48
53,49

17 b2
47.35
)
17 140
147439
87,31

h7.38

- -

47,38
b7.38
47.35
L7.24

b7.13
b7.13
h7.13

h1.84
41.87
41,83
41.81
b1.79
L"l.??

41.75

41.73
41.59

Lbi,45
L1l.,46
L1,45

31.21
31.23
31.22
31.24
31.23
31.24

L Y

64,07

64,07
64,09
64.09
64,07
64,07
64,11
614’0 10
64,05
64.19
64,15
64,12

24,41
24,13

24,22
24,24
24,27
24,30
24,26
24,28
_2h,27
24. 29
24,84
25.04

_25.05

42,36

42,33

L2.30
42,30
h2,28
42,28

-

42,31
42,29
h2.25

42,22

41,45
41,4L

41,45
414k
L3.43

LINE 2

12/12/69
13/12/69
22/12/69
9/ 1/70
27/ 1/70
12/ 3/70
17/ 4/70
iy

7/5 /70

122/ 5/70t
21/ 8/70

1 1
15/ 3/71
29/ 3/71

56.76
56.81

56076
56472
56.?0
56.73
56,76
56,77
56,79
56.80
56,68
56,79
56,72

56.72
56,72

52,49
52,47
52044
5239
52434
52,26
52,17
52,17
5215
52,16

52%«20 :
52457

51.50

51.17
51.13

51.13

49,28
Ll , 58
4h, 27
L,"i"L. 25
Wl 23

4h,20

L4h,19

hh 12

Lk, 17
Lh, 12

43.83

43,64

43,70
1‘}’3.66

Lb1.75
41.79
41075

41,75

41,74

41,75

41,79

41,67
41,74

41,69

41,55

bi,74

60,82

60,90
60,92
60098
61,05
61.06
61.05
61.03
61,03

| 61.1L

61.95
62,24

62,39

25.49
25449

25.47
25,45
25,44
25043

25.42
25.42
25435
25.31

25.28

41.83

41.84
41.87

41.87

41.90
41.95

LINE. 3

12/12/69
13/12/69
22/12/69

7/ 1/70
27/ 1/70
12/ 3/70
17; 3;70
27/ 4/70

1/ 5/70

7/ 5/70
22/ 5/70
21/ 8/70

57.57
57.57
5757
57«54
57«50

57.48 -

5752
57 .58
57.52
5754
57458
57.42

52441
52.38
52,34
52,27
52,23
52.15
52,05
52.08
52,02
52,03
52,04
51.94

h1.94

42.03
41.98
b1,96
41,93
41.91
l.’"l ° 88

41,87

39.67

39.67

39,63
39.62
39.60
39.59
39’0 63

39,57

57,407

57457
57459
57.69
57.90
57.93
57495
57.93
57.99

58,06

27455
27.56

2750
27‘14’5
27.42
2734

27.22




TACHE AVE. ALIGNMENT PIN DATA (cont'd)

E2

PIN ELEVATION

SLOPE DISLTANCE

DATE

1

2

3

4

1&2

2&3

T 3&D

%5

LINE 3 (cont'd)

27/11/70
111/ 2/71
12/ 2/71
15/ 3/71
29/ 3/71

57.53

5743
57 43
57k

51,22

50,83
50078
50477

41,52
41.38

41.39-

by, b2

39,53

39.44
39.46
39.44

59.42

59.99

60,09

26.93
26.58

26.53

41.33
41.35

41.33

39,00
39.01

39.01

LINE 4

12/12/69
13/12/69
22/12/69

9/ 1/70.
27/ 1/70

A
27/ L/70

1/ 5/70.

V 7/ 5/70
{22/ 5/70
21/ 8/70
27/11/70
11/ 2/71
12; 2;71
15/ 3/71
29/-3/71

57 .69
57.69
57.69
57.66
57.64
57.61
57.66
57.67
57.67
57 .69
5773
57.55
57..67

57.59
5757
57.60

52598

52.95

52.91

52.85

52,82
t)

52,63
52,68
52.62
52.63
52,65
52.55

51.90

51.55
51.49
51.48

40.91
40.88
Lo.82

40 .80-

40,76
Lo,74
14’0.71

40,69
40,37
40,18
Lo,17
40,19

Lo.02

40,03
39196
39.95

39.94

39.92
39.99

53.94
54,07

: 54.09

54,16
54,28
54,27
54,27
54,21
54,20
54, 142
55,42
55.88

55490

55.90

29.40
29.39

29.35

29.32
29.32

29.29,

29.23
29.17
28.97

28.97

28,96

50,30
4o .24
40,25

Lo,.27
Lo ,28

40,32

40,31
40,15
Lo 49

Lo 49

3747
37.39

37.45
3747
3749

LINE 5

12/12/69
e
9/ 1/70

27/ 1/70

12/ 3/70
17/ 4/70
27/ 4/70

1/ 5/70

7/ 5/70

22/ 5/70 -

21/ 8/70
27/11/70
111/ 2/71
12/ 2/71
15/ 3/71
29/ 3/71

57,20
57.20
5720

57.19
‘$57012*
| 57.16
’5?020

57.19
57.21
5724
57.07
57.14

157.04

57.04
57.07

54,19
54,16
5He13
54,09
54,05

53.88
53.89
53.85
53.88

53.86 .

53.71
53.11

52.82
52.78
52.79

43.76

43,70

43,68
L3.64

43,58

- -

b3.55-

43.59

L3, ok

L42.80
2,77
42,79

41.75

41,76
41,80

50.65
50,82

150.76
150.82

50.95
50093
50.92
50.92
50.88"

150.98

51.70
52.04

30.02
30.03

29.98
29.97
29.94
29.95

30.03
29.97
30.09
29.91

29.86

h1.24
h1.24

bi.25
LL:L ] 26
41,28
b1.32

* Datum‘700.00

52,02
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