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s vii

SUNiTr,iARY

. This thesj-s is an extension of previous studies of a

typical. failed c1a¡r rivei:banlc in the Winnipeg area in ord.er

to recommend Þossible remerlial measures once thg causes of

failure are knoitn"

From the re-examination of previously reported data,

more recent data, static water weII level-s :n a nearby well ,

daily precipitation anrl earlier work by others r it concluded

that r

l-n residual shear strength values shor-lld be used in

analyzl-ng a failed river bank in clay and in the design of

remedial measures,

2n a lovrering of piezome-bric l-evel-s in the bank 'by

drainager especiatly at the toe, and improving the surface

of the slope to facilitate the run off'of surface water

shoulrl result in -i.mpi:oved stabilíty,

3, stability of a clay banlc may be maintained or

improved by increasing tJre developed shear strength through

decreasing the loads on the bank or incr,easing the resistance

at the toe and preventing loss of soíI at the toe.

, A review of existíng literature indicated a number

of possibl-e methods of stabilizing a cla¡r riverbankr ioeo

counterbal-ancing rvith.a toe berm, reduction of the slope

angle and/or height of bank, drainarge of the embanknent to

reduce pore pressures, protection of the toe of the slope

against scour, retaining structures, chemical stabiLization

and eliminating or reducing drarvdowns. Where applicable



local examples of some of the above renedial- measures are

referred to, Also photographs were taken of a number of

existing reuredial- measures along the z'ôvers and streams

in Winnipeg, The relative suecess of the various remedial

works is appraised in light of'the conditions at Tache.A\¡enue.

Of the possible rernedial and protective measures re-

viewed, counterbalancing the weight of the bank by means of'

a toe berm is considered most applicable" ChemicaÌ stabi-

lizatÍon by means of electro-injection also appears appli-

eable. llowever, because of the uncertainty of chemical sta-

bilizat.ion in clays, it is recommended that it be initially

considerecl for a test site" Counterbalancing and chemical-

stabilization are usually consider:ed for relatively short

reaches of' riverbankn For a more þeneral benefit to river-

banks throu.ghout þ/innipeB, 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 eliminat*ng the fatl d.rawd.orvn.

v]- tt



CHAPTER I

Ii\TRODUCTION

The City of Winnipeg, i;" many old.er cities in

Canadan had its origin on a major watercourse! Vlinnipeg,

as a rnatter of factr g,r€w up along tv,¡o'major waterways, the

Red and. Assiniboine Rivers as shown on Figure 1" As the

city grew in size, the property along the riverbanks became

mbre and more attrac.iiive for private property' apartment

bl-ocks and parks. -A major concern in construction along

the riverbanks has.been, and still i's, the instability of

the banks.

fn his 1960 survey of 1/*l riverþanks along the Red

and Assiniboine Rivers in WinniPeg, Mishtak (I) found that

approximately six sites appeared to be siabler i"€. not

showing si-gns of previous f'ailures or evidence of recent

movement. This fact was al-so noted in Igfi by Baracos (2)

who statedo "The extent of unstabl-e banks ís such ... that

practically evefy bank on an outside of a river curve has

either been affected by an old s1ide, or is presently sliding,

or has required stabiliz.ing IfleâSìfreS'r. Frequetltly banks

have stood up for years on-ly to move suddenly downslope lvith

little warning5. Others appear to have undergone a long his*

tory of creep follor^:ed by a sudden movernent.

ConsiderabLe difficutty has been experienced in an-

alyzing the failed banks and in determining the safety factor

of a stable bank. Most of these difficulties stem from a



l-imited knowlecige of the internal forces causing anrl resist-

ing failure. In an attempt to understand the f'ailure-cansing,

forces or loss of strength, str¿dies were recently undertaken

by Van Cauenberghe 31 and Janzen (4) to investigate the pore

pressures in a number of typical riverbanks in the Winnipeg

area and to analyze the stabifity of tire banks usinq measur-

ed. field pore pressures, slope indica'uor data, ând strength
parameters as determined by direct shear tests,

Three sites were investigated: a St" Vital site, and

two Tache Avenue sites" An intensive pl:ogram of instrument=-

ation ancl analysis. was u.ndertaken at eaoh of the sites by

post-graduate students of the CiviI Engineering Department

of the University of lvianitob¿r under th.e dirêction of' Professor

A. Baracos, with the help of both federal and provincial-

government agencies.

This thesis is an extension of previous theses by

Van Cauenber:ghe (3) and Janzen (4) with particular reference

to the Tache Avenue riverbank. A num.ber of possible remedial

measures will be presented and commented on rvith a view to
implernentation at the Tache Avenu-e riverbank.



. CHAP'I'ER II

HISTORY

Most of the riverbanks in the winnipeg area have a

history of failure and of attemÞtS, Some successftll-r Some not,

to prevent furtirer movement. The Tachi: Avenue site, ilfu-st-

rated by Photograph Pf, may be considered typical of'many

such si.tes ô

Irittle recorded information was found regarding the

site pr:ior to I95O" A photoeraph (PZ) of tTre riverbank taken

in fB58 shows a s'beep, ungrassed bank withou-t any trees.

The ungrassed bank appears typical of banks having uncÌe::gone

recent movement.

Tlrere is evidence of more recent movements and the

remedial measures emJlloyed in an.attempt to stop it. A

photograph (P3"1) of the bank taken in December of' Ig5g sliows

a row of vertical timber piles at the u¡aterts edge. The

deterioration of the piles would ind.icate 'bhat they had been

placed some time prior to the time of the photographn A

photograph (P3,2) taken of the site tn I97L indicates the

apparent ineffectiv.eness of the piles to prevent further

movemenf .

During the Lgso flood in winnipeg, dykes were constr-

ucted al-ong Tache Avenue and behind the St. Boniface Hospital

to the south. After the fl-ood waters rececle,C the dykes were

removed, However, work was Soon started^ to construCt a per-

manent dyke behind the hospitat. Waste fiIl' which covered
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the area.was retnoved and repl-aced by clay to final grade.

Shor:tIy after completion of the dyke the riverbank failed

and the dyke sudsided several f,pet, To stabilize the fail-

ed portion of riverbank, up to ten feet of limestone rock-

fitl was placed at the toe of the sJ-ope and extended wel-l-

into the river'. The dyke îo" then recònstructed with a se-

ries of narrow berms and brought up to grade with a recluced

top width. This stabílj.zed por-bion of' the riverbank appears

stable to-date.

In 1957 an investigation was. carried out to study

the feasibility of .paving Tache Âven'ue in light of the in-

stability of the riverbank. A consul-La-nts' report conel-ud-

ed that with proper precautions taken fon the d.iversion of

su.rface v,'ater tirere should be little problern in paving the

street.
In r95g the vJater control and oonservation branch of

the provincj.al Departtnent of Agricul-tu.re investigated a re-

port of new movements in the bank along Tache Avenue. Photo-

graph, P4.1 sho,,Vs tire extent of the movement. the investiga-

tion lvas pretiminary in nature and outlined a progra.m of fur-

ther investigation to be undertaken" However, rio a.ction ap-

p,ears to have been taken at thi.s time. A phot.ograph, P4.2

taken in March of Lg?L shows the same bank rvith an establish-

ed growth of grass and small- treeò. The curvature of the

tree trunke is an indica'uion of the contj-nuous creep move-

ment undergone by this banli.
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In 1961 Tache .Avenue was pavecl. Street drails were

inst,alled with pipes ì:eneath the road, discharging out on-

to the slope at a ]ower elevation' .At about the same time

a new water main was installed along Taehe Aveïìue.

In the spring of 1966, another flood of considerable

magnitude required. tha'|" iemporary dykes again be construct-

eci along Tache Avenue. No major movernents vrere reportecl"at

this time

' In Lg6g tne Soits Section of the Civil Engineering

Department of the University of Manitoba uncier Professor

An Baracos set up a program tb inves.tigate this site.

With fu.nds made availabte b¡r the National Resea.rch CounciL

a. line of piezometers was installed approximately 100 feet

north of Rue Despins and running per:pendicular to the slopen

.Along the same line, tvro slope hole indicators were instal-

leci with technic¿ll. assistance ancl engineeri.ng services pro-

vided by the Water Resources Branch of the provincial Ilep-

artment of Mines and Natu.ral. Resources. The lVater Resources

Branch also installed a grid of a.lignment pi.ns to monitor

surface movements in the slide areac

Il'r -l-970 additional instrumentation wa.s u.ndertaken

by the University with the financial assista.nce of' the fede-

ral Department of Public Workso Instrumentation at this site

consisted of eight piezometers and two slope iudicators.

In the winter of L972-73 the City of Winnipeg imple-

mented remedial neasures a1-ong Tache Avenue in accordance

with recommendations of consul-tants hired by the City '
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Timber piles, closely spaced, v/ere plâced i-n pre-bored holes

up tb 30 feet deep and then driven into the ground an add-

ítional 6 feet, along the west edg,e of Tache Avenue f'rom

Ru-e Despins to Ave de la Cathedrale. The riverþank ¡,vas re-

shaped frorn Ave de La Cathedrale 'to Provencher Avent;e. A

rock cou.nterbalance vi¡âS placed at the toe of' the slope frorn

Ru.e Despi.ns to Protrencher Avenue.



The topog,raphy at the Taclre ,Avenue sites j-s shot^¡n

on Figure 2" The contours are based on a L95I survey and

are shov¿n to illustrate the tcpography'|n the general vici--

nity" Cross-sections were talten through the failure alÎea

in fg6g ald are located. as shown on Figure 2o A survey of

the a.tîea. in ]19?2 indicated 'bhat little or no change j.n the

topogra.piiy ha.d talçen place since :-95l- except in the immed-

iate vicinity of the failu.re.

The faiture is on the outside of a bend in the river

just cloivnstreä.m of where the Assiniboine River enters the

Red River from the west. The width of the river at this

point is approxirûatel-y ?50 feet from top of bank to top of

ba-nk" The top of banl< is at approxi.ma.tely elevation 755"

The lovrest point in the rj.r¡er j.s at ãpproximately elevation

?18 and is approximatety 450 feet from 'bhe east bank" The

slope of the bank is roughlY Jrì-.

There is considerable evj.dence of past instability

of the bank as is indicatecl in Photograph, PI. l'he photo-

graph shows tha.t in'197f the failure extended. from'the pump-

ing station at Rue Despins to almost the Provench.er Avenue

bridge, a. distance of abou't 15oo feet along the top of the

bank. A much olderr wêIl-grassed-in failur.e sca¡p may be

noted j-n the photograph" Eviclence of movement was also

obvious from cracks in the pavement.

A.IJ.AÞTflTlÞ TTT- wilñl ¿ull +rr

TOPOGRAPHY AND SOIL COIIDITIONS
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. Fur-bher north towards the Pr<¡vencher Avenue bi'idge,

the foriner failures had also become well grassed'-in¡ howe\¡err

some fresh cracks were eviaeni' Althouglt the banks here

are mucl') Steeper than the banks further southr ¡ro large

movements had taken Place.

A subsu.rface investigation was iarried out in the

failure area in Lg6g and I9?O in conjunctj.on wi1h the in-

strumentation of the lrank. The boreholes were logged ancl

a generzrl str:atigraphy of the bank may be represented by

three soil J-ogs superimposed on a typical cross-section

through the bank, The cross-secti-on was taken at Line J,

locate<L as shown on Figure 2, The typical cross-section

is shown as Figure 3' The three boreholes used to clescribe

the soil conditions at the top of the bank, orl the sì'cpe

and on ihe Ìoler bank are TA-5, Tf\-J and TA-1 respectivel-y.

The locati.ons of the 'boreholes are shown on Fig,ur e 2o

Borehole TA-J was taken as representative of tþe soil

conditions in the "undisturbed" portion of the rj-rrerbankr

back of the existing failure. The top of the borehole is

at el-evation ?56"5" The soil- 1og, and properties a,re shown

on Figure 3,

Borehole TA-3 was located rvithj.n the failure itsel-f .

The top of the borehole is at elevation 740.0 and the bottorn

of thc borehole at "au5l,er refusal". The soil log and soil

properties are shov¡n on Figure J,



ted approxi*tt*rí'. The third borehole, TA-1. vÍas located approxima

one-third of the waSr up the slope frorn the toe and stilt

within the failure; T'he top of the borehole elevation was

?42.5" The log is shown on Figure 3,

Considerabl-e laborator}' testing was carried out on

samples obtained in the subsurfa,ce investigation" lvloi.sture

contents were obtained on a1most alt samples with class-

ification tests on representative samples. The ESreater

part of the 'Lesting clealt with obtaining strength parameters

by means of clirect shear tests. these were carried out in
'Lhe Soi-l Laboratory of the Civj-I Engineering Department of

the University of [4anitoba and detai]ed procedures are re-

ported elsewhere, J.anzen (4). Other testing vras carried out

by the Water Resources Branchr provincial Department of lVlines'

Resources and Environrnental- Uianagement. These included Âiter-

berg Iimits, moisture contents and unconf'j-ned compressive

s-brengths. A summary of all- the laboratory test results

are presented in Table I.

It should be noted that in the summary of data of

the till materialr Do effort was made to differenti.ate be-

tween the consolidated and unconsolidated tilt, This may

help to expl.ain some of the range of va-Iues.

In a.ddj.tion to. the general soil conditions' ii is

of some interest to note .some of the pecula.rities found in

a number of the boreholes. In boreho]e, TA-1 it was found

that the thin-wal-led tube sampì-e taken at the l0 foot depth

contained an abrupt demarcation at 45 degrees to the vertical-

near *r,he bottom of the tube. The break was denoted by a shiny
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surface and the distinct dif'f'erence in coLour of the soil

above and below the demarcationo Above the shiny surface

the soil was mottled brown and.grey, whi.le be1cw, the soil-

was grey. The thickness of the grey layer can only be es-

timated since the next sample was taken' four feet below

the previcus sarnnle and i.t.contained only brown clay.

ln the same borehole the highl¡r plastic clay f'rom

a depth of 22 feet to 3I feet contained an extremeiy high

m'oj-sture content, especially at the 2J f oot deptir.

In borehole, TA-5 it was noted that augering became

very difficult at a depth of 30 f'eet'below the grouncl su::-

face" It was recorded as a "possible gravel seam"¡ however,

this was never confirmed"

.Another point that shou.Id be noted is -bhe depth of

fill- as indicated by the bor'ehotes. The thic]çness of the

fj.ll material varied from negligible in T4-5, back of the

failure, to as much as L5 feet in TA-1, in the center of'

the failuree
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C}{APTER IV

INSTRUi\1EI{TATTON

types of instrumentation were employed at the

sites to monitor the pore pressures in the river-

movements of the bank"

Three

Tache Avenue

bank ancl the

A, P 
j _e¿og_qþgg

Two mai.n lines of piezometers were instal-led in the

section of' riverbank uncler investigatíon in L969'70. they

are identifi-ed as Sites I and 2 in this thesis"

The f irst line of piezometers l\r¿ìs i.nstalled near the

southern edge of the failure" The site is shovrn on Figu.re 2.

The location was chosen in orcler 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

chogen where movement was at a m|nimum, but Some movement

was definitety taking place. It ".: hoped that readings

could be obtained over a period of tirne encornpassing a flood,

a spring drawclown and a fall drawdown.

This tine of observation consisted of ten piezometers

located in crOss-section aS shown on Fig,ure 4.1. 1'he piezo-

meters that were install-ed are known as l'horpiezometers. The

Thorpiezometers operate by measuring the'air pressure re-

quired to close a hydraulic S)¡stem within the unitr ioê" the

pore pressure is measured by the air pressure required to

clc;se the system. The piezometers are ctaimed to be non-

di sþlacement, negligibl-e time lag instruments. A more de-
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tail.eci. clescription of'the operation is presented by Van

Cauenberghe ( l) .

The second l.ine of piezometers was Ìocated at site 2

on Figure 2. It consisted of eight piezometers drir¡en to

depths as shown on Figure 4,2,

All the peizometers v\tere read from two to five times

a month with the greater number of readings in the spring

and. the fa1t" The readings v\'ere recorded and plottecl as

total head versus -Lirne" A dail¡r record of ri ver leve1s in

terms of elevation was also ptotted rrersus time in orcier

to cornpare the eflfect of the river l-evels on the piezometer

lerrels. The data a.lîe presented in Appendix A.

B, Slg-pq.,_II_{ic4t_or.å

.A number of slope indicator pipes were installed in

the bank at 'both the sites described previously. 'I'he slope

indicator pipes have interior longitudinal grooves at 90

degree spaçings and are placed into vertical borehoLes. A

precision instrument, one-half of a Wheatstone Bridge, is

lowered d.or.¡n the pipe aligned with the groovês ¡ and stopped

at predetermined intervals. Readings are taken by.means of

the o-Lher half of the Vfheatstone tsridge. A separate set

of :readings is. taken for each of the groov€so The differ:

ence in readings between opnosite 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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constqnt whích is depeldent ön the de'pth interval and an

instrument .calibration factor. Total movement at an¡r depth

is the summation of the individuaf movements relative to. some

i'ixeO point. The procedure for calculating the. movement at

some point is described in more detail in Appendix D. The

plot of the rnovements relative to the initial readings is

used to locate the plane or zone of movement in the bank"

Two slope ind.ïcator pines were installed at Line t

of Site I at the locations showrl in plan on Fi.gure 2. and

in sect-ion on Figure 4"I" Both slope indicator pipes were

anchored in the hard till beneath the clay and may be con-

sidered as fi.xed at the tip.

Another two.slope indicator pipes viere installed at

Site 2" The locations in plan are shown on Figu.re 2 and

in crosS-Secti.on on Fi.gu.r e 4.2" These welîe a1so anchorecl

in the hard till, and may be considered fixed at the tips

The slope inrlicator pipes were read at teast once a

montho except during periods of high water, when some of

them were submerged. During the f'atl dr4wdoyv'n''additional

reaclings were taken. The observationS have been plotted aS

d.eflection versus depth at specific time intervals and also

as deftections versus time. The data are presented in Appen-

dix C.

C. Al-ienment Pins

To check on the surface

a gricl of iron pins (one inch

movements of the slide mass

in diameter bY three feet Ìong)



were installed in fivê Lines at 100 foot intervals along

the riverbank as shown on Figure .2. Each }ine consis'bed

of five pins e-xtend.ing from back 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 l-ocated betvueen the

pavernent and the former fai}ure scarp. The third pin of each

Iine was loca'ued iust belon the failure scarp. The fourth

pin was -located above sllmmer water level, and the f ifth at

the low water marka ,

The elevation of ea-ch pin and the slope chainage be-

tween acijacent pins lvere taken a-b approximately the same

time as the slope indicator pipe readings" The data were

tabulated and plotted as movement versus time" the Cata are

presented in .Appendix E . .

r4.



CHAPT..ER V

FIELIJ DATA

.A considerable amount of data has been obtainecl from

the test installations described in the previous chapter.

'lhe data were compiJ-ed and are presented in the Appendices.

Pl-ots of the data are presentecl as wel-I as observations re-

garding apparent correlations between such factors as river

leveIs, precipitation, bank movement and pore pressures"

A, _Pj-ezometer Data

The data obtained from the two l-ines of piezometers

were plotted as total head versus time" Ri.ver l-evets a.re

also plotted over the same period of timeo For the first

line of piezometerso Site ln datâ was obtained from tile falt

of f969 to the wj.nter of L9?I" This included two spring

floods, two Spring drawdowns and two faII drawdownso The

data are presented in Appendix A and are plottecl as sitonT t

on Figure 5,L" The piezometric head in the limestone bed-

rock as observed in a deep well is also plotted a-gainst

time on Figure 5.I.
To study the possible correlations between precipi-

tation and the total- head of a shallow piezorneter, data were

obtained f'rom the fa]I of L969 to the falt of I97o (Appendix

B) and plotted on Figure 6.

The piezometric level of the shallow piezometer 1

rose quickly in the spring of' I9?O; prior to the ri se in

river IeveÌ and then continued to fluctuate indepenciently
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of' tirê. river level throughout the summer with a 1evelling

off in the fall ancl winter" The rise can be attributed to

snow-melt water in the spring of 797o' The fructua-tions 'of

the piezometric level-s in the summer correspond.surprisingJ-y

welI with fluctuations in the daily precipitation readings

in t.he lV-innipeg area ovei: the same period of time, aì-though

there'was some time lag in the piezometric reaction to periods

of heavier precipitation after periods of reJ-atively littIe

precipitation (Figu.re 6) " lihe precipitation ciata are given

in Append.i>l iJo Piezometer J beha.vetl similarJy to piezometer l.

However, it failed after only one l/ear of operation"

Piezometer 2 fluctu.ated with the river Ievel. through-

ou.'b the year as did piezometers 4, 5 and 6, iiowever, these

piezometers sholved an increase in piezometrj.c head a.t the

t j.me of the fall drald.owrr o when a renewed novement of the

banks took place"

Piezoneters ? and l0 also appear to have responded

to fl-uctuations in the river l-er¡el" Hotvever, in the fall

before the river was drawn down, these tlo piezoineters showed

a substantial increase in piezometric head" This increase cor-

responded to an increase of piezometric head in the.bedrock as

observed in a well. penetrating into the limestone and located

at a nearby dairy. tl't" piezor",retric head of' these piezometers

was al-so much l-ower in the summer than in the fall. reflect-

ing the eff'ects of pumping from the bedrock during the su.Íl-

mer months. This would cause Seepag-e into the bank during
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the sumrner and thereby possibly improving the stability of

the bank.

Pi-ezometer B also appeared to respond to fluctuations

of the river l-evel-s, Its tip was approximately 10 feet below

the ground Surface and just be-l.ovu, the summer river level" Its

piezometris^head iùas rvel-I above the grouÀd surf ace and ref'lects

artesian pressìlre at the toe" The piezometer faileci before

a second falt drawclovrn took place'and no further observations

were poslible.

In acjdition to the above obse::vatj-ons at Site I, it

was observeci tha'b considerable ponding of water occu¡'red in
gome parts of the fail-ed bank, particui-ar1y where a depres-

sion had formecl at the back"of a former failure" Also, dur-

ing the spring thaw, consiclerable snow-mel-t water washed over

the banh and seeped into cracks at the ton of the slope" fn

the spring of L9?I, w¿lter tvas observed discharging out of a

fai.Iure crack at a point just tlovrnslope of a street drain

inlet and at least six to eight feet above the outlet which

was located further dov¡nslope . .

The second line of pi-ezoneters was installed in the

fall of Ig?0. . The reaclings were taken over a period of about

trvo years. .A siniÌar trend of pi.ezometric f luctu.ations as

observecl at Site l- appears evident. at this site. Tv'¡o addi'-

tional ptezometers 9 and 10, were instal-led in October of

I9?7 to replace I and 2 which became inope::artive. shortly

after installation" Piezometers 9 and l0 recorded piezo-

metiic elevations wel-l above the top.of the bank; Pi ezö-



tneter -10 may be compâredtO hêzometer I at Site 1, but wì'rere

Piezometer t had'a totai head below the top of 'bhe bank,

Piezometer tO showed piezometric levels in excess of

50 feet above the top of the banlt" This high val-ue could

ì:e the result of either a mal function of the piezometer or

the ref'lection of soïne other scurce of seepage such as a

J.eaking wa'ber main.

B, _-S.l-ope þ4icator llata

The data obtained from the slope indicator readings

are Sumrìaitized in Appendix C" The movement was plot-Led against

tirne as shoivn in Figure Bu The greatest movement was obser-

ved to be taìring place betweep the months of'November and

Apri.I of the follorvi.ng year. Betleen April and October the

amount of movement was negligible" A pl.ot of river fevel-s

over the same periocl of +.|me indicates that movemen'L begins

at about the same time as the fall draldown of the river and

continues until the fIood. waters raise the river l-evel in

spring. In the spring of I97A, a sudden and sub.stantial

movement rvas recorded. This corresponded to the increase

in piezorne-bric he¿rds of piezometers 1 and 3, Site l, which

was attributeo to snow-melt water entering the crereks ín the

bank

Periodic deflections versus depth were plotted on

Figure 4.l- and 4.2 to indicate tìre possible failure plerne..

It is of interest to note-t,hat in slope indicator pipe TA-z

the depth of fill-.on the bank at this point corresponds to

the depth at which movernent took place. In T.4.-1 the move-

1Q
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ment appears to +,a](e nlace over a I0 foot depth of soil-.which

corresponds to the thickness of the hi.gh pla.stic cfqy J-ayer

at this point. The movement in both TA-I and TA-2 vras of

su.ch a degree tilat they failed appr"oximately one year after

installation. Slope inclicator pipes , TA-4 anci TA-5 shorved

only some minor movernents as shown on Figure 4.2"

C. âÞgnm"rIit Pin Dat-a

Data from the alig,nment pins are included iri ¡\pperi*

dix E. The data were plotted as vertical and dovunsl.ope mo\¡e-

ment versus tj-me time as shown on Figure 7.

Pins I were used as reference points for measuring

the dorvnsl.ope movernent of the other pi-ns" The elevations

of Pilrs L were related to a Geodetic benchmark. Figure 7.I

shows a negligible variation in el-evatj-on of Pins lo

Pins 2', except for Pin 2, Line 1, showed arl average

drop in elevation of' L5 feet with the maximum being at Line

3, the centre of the failure* The downstope movement ranged

from 1.4 to 2.? feet with the maximu.m again be-ing at Line 3.

Pins 3 showed a drop in elevation of 0"3 to 1.0 feet

with the maximum occuruing at Line 5, The d<¡wnslope move-

ment varied from O"J to 2oZ feet with the maximum movement

at Line 2, See Figure 7,3, Some comparison can be made be-

trveen this pin and the slope indicator pipe IA-2, which was

located less than five f'eet from the pin at Line-Ì. TA-2

showed a horizontal mover.nent af 9.5 inches from December of

1969 to November of I97O, when the slope indicator pipe

sheared*off due the large movement. The movement of Pin 3,
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Line 1, j-nclicated only a down'sloÞe movement of )16 inches

over'the same periocl of time. The discrepancy is difficutt

to account for. l{oweveri one explanation may be that the

faiture mass consists of independent segments, each moving

at a diff'erent, rate" This may account for the shiny surface

between ¡he fill ancl the insitu clay nd-teO in bo::ehole TA-1"

Pins 4 showed l-aterat novements of 0"9 to 2'E feet

lvith the nii-nimum mot¡ement at Line I and the maximum at Line

2, The eJer¿ations of the pi-ns dropped only 0'I 'Lo A,2 feet.

At Liire l- the slope indicator pipe TA-1 is within a few feet

of the pin" The movement indicated by the slope indicator

pipe was about 3.g inches. The pin moved 9 inches during

the same period of time.

Pins 5 averaged a rise in elevation of 0.3 feet i^iith

an average lateral movement of l"B feet ancl a rnaximu'm of 2"8

feet, This would confirnt that the failure i.s moving out at

the loe of the slope as shown in Phoiograph P5'

In summary j.t may be said. that the major movements oc-

curred about the middle of l\ovem'ber and the mid'dle of April'

The movement in the fall corresponds to the lowering of the

fiver level, white -Lhe movement in April ma¡r be attributed

to an increase in piezometric levels due to seepage into

the bank and cracks from snow-mel-t runoff " Pins 2 and 3

showecl the most vertical movemênt, Pins J+'showed the most

Iateral movement and Pins 5 showeC bo'th lateral movernent and

vertically uplvard movement" This would tend to substantiate

a failure pl-ane as proposed by Janzen (4) from the slope

indica.tor pipe deflectioi'lso



S-Labi.lity analyses of the failure at Tache Âvenu.e

wetîe perforrned by Janzen (4). In his results, he noted that

the stabil-it;r of the bank depended on tfre river leveln The

riverbank was stable lvhen the river level v+as high and tended

to be unstable when the river level was low. He reported

that the bank moved when the developed angle of internal

friction (effective angle required for statie equilikrrium)

of the clay lvas more than some critical value, and a semb-

lanòe of' stabil-ity vras observed when the developed angle

was smaller than the critical value. This critical value

nanged from I0.B to L2,? degrees at Tache -Avenue and com-

pared favou.rably wi.th the resiclual values of the angJe of

internat friction as obtained. by di.rect shear tests in sim-

il-ar clays (8"3 to 13.0 degrees), For his analysis Janzen (4)

assu.med the residual cohesion to be zeto. The above woul,d

indicate that movement as observed by the pins áncl slope

indicators have reduced the shear strength.aì-ong the failure

pl-ane to the residual val-ues of clay.

Janzen also stated that the piezometric Ievels indicate

seepíìge into the banl< during periods of high water. However,

the pore pressures in thq cl-ay are not readily relieved when

the river level drops and this.results in piezolnetrie Ieve1s

higher than the river l-evels. Tiris also results in a zone

of high pore pressures at tiie toe of the bank after spring

CH/\PTER. VI

PREVIOUS SlAI]II,ITY Ai{ALYSES
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drawdolrm with resulting upward Seepage at the toe and a local

instabi 1i ty 
"

Therefore the instabilit¿i of the lache Averrue river-

bank ma¡r be attributed to the fact tha't the eff'ec'cive shear

strengths have been gradualJ-y reciuce<1 to their residual values

through the rnovements of the banl<"and the pore pressures'

particularly at the toe of' the bank, are not relieved quickty

enough after the fatl d.rawdown for stabi.ìJ.ty to exist. IJncler

these conditions the stabitity of the bank would have to be

achieved by one or more of the fol-lowing:

l-" Increasing the shearing rbsistance of the soil'

2o Reducing the loads on the banlc, and

3. Lovrering the piezornetric levels in the vicinity

of the bank, particu.Ìarly at the toe.

RemédiaI ancì. protective measures must provide an ad-

equate safety factor against further movement. A safety

factor of I.2 has been accdpted by the Assiniboine River

Advis'ory Board (5) for residual shear strength va]ues in

Iake Aggassiz clays. T,ocally a 20 percent increase in safety

factor on residual shear strength values has been considered

a design minimum where economically feasible. Therefore it

is recornmencied that any remedial measures employed at

the Tache Avenue site shoulcl resul-t in an increase in safe-

.t)t factor' of -20 nercent.



CHÁPTER VII

POSSIBLB REHIEDIAI, AND PROTECTIVE MEASURËS

A number of possible remedial and protective measures

were investigated. consistent r+ith the requirements for sta-

bility of a riverbank as set out in Chapter VI" Although

there are many possibilities for stabiì.izing embankrnents, an

at-bempt was made to review only those which appeared appli-

cable for riverbanks in the Wínnipeg area, particularly at

Tache Avenue" Where available, loca-} .examples of rernedial

measures were examined" Of the possibif ities i.nvestigated,

the foltowing lend themselves rnost readily to the local probl.em"

A, _ . Ç ogn!>l'bal. an c iqg.

A eonventional means of stabilizing a slope that is

in a state of impending motion or has failedo is to increase

the resistance to sliding by means of a counterbalance at the

toe of the slope. The counterbalance usually consists of

gravel, clay or rockfil] placed on the toe of the slope and.

.is of sufficient weight to inc::ease the resistance to sliding.

The counterbalance is placed so that the potential failure

does not extend above or beyond the toeo

The stability of the existing slope rnay be deiermin'ed

by eonventional stabili.ty analysis, assuming the worst con-

dit,ions of pore pressure and river leveI. The shape of the

failure plane for the analysis may be fairly accurate.ty de-

termilred from slope indicator data. 1rld fron visual evid'ence
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siìch as oracks at the top of .the slope (Photograph P5) and

overthrusts at the toe (efrotograph Pó) " A counterbal-ance

of the d.esired shape (r^¡ithin right-of-way and causing the

feast interference with existing structures, roacls and water-

ways) is supet:imposed on the failure and the new sarfe-Ly factor

determined.

I" GraveI Buttress

Grar¡eI buttresses have been recommended for stability

problems b;r Long (6)" The material at the toe of the slope

is replaced rvith a free-draining material as shown on Fig-

ure 9,1. The reduction of pore pressures through the free-

draining material results in increased effectiire wel.ght of

the toe.

The Truttress is ideat for -l-ocations v¡here rigit'b-of-

wa}¡ is Ìimitecl. Hower¡er, the diff icult¡r in using the gravel

buttress is in the pl.acing of the ma-ceriaì. If the =:-op"'i"
already at a state of impending faj-l-u.re, âñV further oistt¡rl-:-

ance such a.s rernoving soil. at the toe to make room for the

gravel could result in a failulrec

z "__SglÀ-Þ.erm

, Clay is usual.l-y u.sed as a counterb¿.:lance where erosion

problems are not severe" The effectiveness of' a cì-ây berm is

demonstrated by an example of a dyke on a riverbank on the

Morris River (figure 9'2) as reported to the Geotechnical

Section of the Vriinnipeg branch of the E"I"C. (7).

In conjunction with the protection of towns along

the Red River, south of Winnipeg, dykes were constructed

around a number of to'¿,nso At lVlorrj.s the construction of
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dykes.a.l-onq the tlorris River on the north side of to¡n re-

qrrired the reÌocatlon of seetions of the lViorris River. At

two locations, dykes were constrttcted over the original

river bed" In the fatl of l-968, after the final f'erv feet

of fill had been placed, a large crack appeared along the

top of a section of dYke"

A portion of the top of the dyke (approximately five

feet of fill) was imnediâtely removed aì-ong the llne of fail-

uree Berms were placed in, two stages at the toe of the slope

for a total height of ten feet (Figure g,2)o The dyke was

then brought back up to gracle. Slope indicators were in-
- stal-led along the centreline of the failed section and moni':i

tored" Although movements continued for several months aftern

no further cracJçs were observed. and present readings j.ndi-

cate that movements are steadily decreasing as the exceSS

pore pressures diss.lpate* Todate the bei:ms have withstood

severaf inundations by f-lood waters and appear to be perform-

ing satisfactoriJ-Y. '

At a¡rother site on the Morris River where couditions

for fajlure were sirnilar to the abovêr â berm was placed pri-

or to any visible si-gns of failure aS an extra precaution.

Al-though high pore pressures viere observed during construct-

ion of the dylre anrl berm, ¡ro signs of failure were observed.

Slope indicators install-ed in ihe area indieate that some

movement is taking pì-ace but it appears to be decreasi.ng

with time"



.i. Rock Berm

Another method of' increasing the stabitity of, an em-

bankment is the use of rock fill as a berm" such a material

is recomnended for stabilizing slopes ivhere the toe is al-

-ways submerged.and subject to the erosive action of moving

water. The size of the material recluirecl to resist displace-

ment by flowing water may be deterniined as sholvn by the

USBR (ç).' It should be noted that if a clay be¡m is used

and extended in:ho the river it would require ri-prappj'ng"

Therefore it may be more advantageous. to use rock f'or the

whole berm"

The effectíveness of this method is ill-ustrated by

'the st¿rbilization,of the riverbank behind the St. Borriface

Hospital, just upstreatn of the Tache Avenue fail-ure.

Baracos in L95I (8) recommended 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 been stable. A sketch of a rock berm a.s a re-

medial lneasure for stabilizing a f'ailure is shown on Figr;re

9.3o

Riprap. is avail-able in large quantities within a

reasonable and econornical hau.ling distance of VJinnipeg.

That it can be piaced by dumpirrg from a barge has also

been demonstra'bed" lVhere acces'S is rÍot a problem the roÇk

can be placed by machines from the bank"

?.6



B, Rerlr.rction of

Ân effective means of sta.bitizing a f aj-Ied bank or

improving the stabîl-ity of any bank is to flatten the sl<rpe

or to reCuce the height of bank for the same slope. This

reconstruction of the slope resltl.ts i.n reducing the forces

caus i.ng failure e

Flattening the sl.ope resu.lts in a decrease of the

soil shear strens,th required f'or stability by reduc'ing-[he

loads cn t¡e bank. Reconstruction of the slope for increatsed

stabitity has been used on a nurnber of'riverbanks in tlie

\{j-nnipeg atîea. Photograrp}r P7 taken of a bank on the Assin-

iboi-ne River at the lvlarytand tsricige is a good exarnple of

improvirrg stabil.ity. b¡r frattening 'bhe stope" Photogra¡lh PB

shows a.rr example of slope flattening on the Red River in

north \'Jinnj-peg

A stucly of ri\¡erbaïlk's in cla¡rs in *r'he .vli'nnipeg area

by t\{ishtak (I) indicated that failed banks in c}ays 25 to

40 feet in height becarne sta.ble at slopes betiveen 4"521 and

6.?5tI although solne flattened out to almost 10:l-' This

influericed the selection of sI-opes for the Red Rivei' l'lood-

way arounci Winnipeg v¡here 6¡I \tIaS usecì for the slopes"

Slope flattening is timited to area.s Ìraving suf'f i.cient

right-of-\.¡ey" The slope should be'cut back far enough to

achieve the increa-se in safety factor of 20 percent as cle-

scribed j.n Chapter VI" The slope shoul-d be shaped to pre-

vent ponding of water ancl seeded to prerrent surface erosion'

lny Sources of moisture such a-S leaking Sev,,er outfalls and

street drains should be removecl froln the vicinity of the

-cl.ope ¿¡eJe.-e-nd BaryE- 4ei.ght

2?
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stabil.ized r.iverbank,' -An¡r loads plziced on the bank must

be set b¿rck f'rom the tc,p edge of the bank far enou.gh to main-

tain thê safety factor of the unloaded stable bank,

The slope may al-so be stabil.iz.ed by unloading the

exiàting banlc, i,eo reducing the overall height of bank for

a part i cu.Iar s IoPe 
"

It is obvious that 'l,hesé'methods are l-imitecl to loc-

ations lvhere flattening of the sLope does trot exceed the

allov,'abl.e right-of-way and where lolvering the bank is per-

missible v,'ith respect to high water levels, Fl-attening of

the slope malr not be applicable to areas where pore pressulîes

are excessiveJ_¡r high because of the resulting low ef'f ective

strengtir. The ineffectiveness óf stope flattening v"here

pore pressures are relatively high is denoustrated a'b the

ou'blet of the Seine River .Diversion into the Red River, soutir

of Wi¡nipeg" The lorn¡ f l-ov¡ channe} o as designed o was fir¡e

feet ceep with 3:l side sl.opes. scour at the toe of the

bank and degradation of the channel caused the bank to fail

I2 years later. Calculations indic¿Lted that flattening of

the slope to 6:l ivould not appreciabl-y increase the s.a-fety

factor because of the influence of the pore pressureso

C. _ Dfainage

The use of drainso both horizontal and vertical, is

docurnenterd in most standard textboolçs" The purpose of the

drains is to stabilize the embarikment by either reducing the

seepage pressures or reclucl ng the exc.ess hycirostatic pressures.
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The drains are prol'rably most effident'where the zones of

water bearing strata are welÌ defined" They may also be

applied where a relatively impermeabl-e material is unclerl.ain

by a zone with a high hyclr'os+ua-ti.c head,

Ever¡r process of' drainage reduces the stress in the

pore water of the soil v¡ithout appreciably changing the total

stress " Terzag--,hi ( f.i ¡ states that lowering the piezorretric

l-evel beneath a clay stratum uìtimately increas:s tite effec-

tive pressure on a horizontal plane by an arnount eo,ual to-l,he

weight of the height of a col-umn of water repl?esenting the

recl.uction in pore Dressure. This decrease -i-n Pore pressure

resul'bs j.n an increase i-n the effective stresses on every

potential surface of sliding v¡i-bhin the so.il and ther:eby in-

creases the strength" The weight of the soit locatect allo'¿e

thís su.rface is unal-terecl" Dra.inage'i-ncreases the factor.

of safety with respect to sliding provided the external

conclitions for equilibrium renra.in unchanged'

Turnbult and Hvorslev (tZ¡ recorTun€rrd internal clrainzrge

by means of horizontat drains, free florving or þumpecl wells

and vertical sand clrains to increase the internal soil resis-

tance of an unstable bank"

Before any form of drainage is considereci a soils

investigation is nece.ssary to deternine any water-bearing

zones or pockets, their e¡tent and permeabilities' 'l'he type

of drains emplo-ved depencis on a number of reasons such as

mild or steep sl.opes, underlyjng water-bearing zones, arte-

sian pressures, etc. The following types of drains are
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usual l-y cons iolered :

1" Horizont,al Lrrains

Horizontal d.rains are applicable rvh.ere zones of water-

bearing, soj.Ls are v¡ithin the ernba.nkmenl, itself and drainage

is possible by gravity. The number of draj-ns and their spa-

cing is a function of the amount of waler to be drained ancì

the permeabil.ity of t,he soil"

Two types of horizontal drains arq usually used" The

first is. a perforatecl pipe, either jaclied into the enbarrkment

otî placed into a pre-augered ho.l.e, with a slight slope d.own

to the poi,nt of dischargeo For some fine-grained soils it is

usually adviseabl.e to use a filter material- around the Per:

fora.tecl pipe to avoid a silting:in of the pipe. The filter

is sometimes placed by forcing a granul-ar material around

the perforated pipe inside hollow stem augers by :reversing

the augerg. Probabl3t the T:est known example of the effect-

iveness of a horizontal drain is the stabilization of an em-

bankment overlooking a highway i.n Californj-a as described

by Smith and. Stafford (13). t/lovement of the emba.nkment was

hatted when a hotizontgl drain released a large volu.me of

water from within the embankment" Another form of horizon-

tal- drain comrnonl-y empJ-oyed is the trench dra.in. For em-

bankments that have a relatively flat slope and are low

(less than ten feet f,igh) horizontal- trench drains shoul-d

be consj-dererl. There are a number of local examples of shal-

lovr tr.ench orains that appear ta be performing satisfactoril.y.

)u
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. A number of smalL slicles on a smal.l creek on the west

side of \{innipeg plagued the Nletro winnipeg Parks tsoard. A

reshaping of the slopes stabiliBed major portions af the un-

stable banku Hor,r,ever, a snal-l slicle at one point aloug the

banlç persisted" Test holes in the bank indicatecl a pocket

of granular m¿rterial. near the back of tft" failure, The wa-

ter in a test hol-e in the granu.Iar material- rose to withj-n

three feet of the top of the tesi hole. Test holes above ano

b'elolv the pocket v/ere dry. A recommenriation in a report by

the Vr¡ater Resources Branch of the provincial Department of

Mj.neso Resettrces ancl En'*'ironmenl;aI Nlãnagement (Ì4) v¡as to

e>rcavate anci construct a horizontal trench drain back into

the slope. Measurements taken over a period of about tv¡o

years after remedial measures had been impJ-emented detected

tittle or no rnovement of the the forrner slide.

A simi.-l,ar problem existecl fr.r.rther upstrearn on the

sane creek next to a roa.dway as shou,n in Photograph P22,I,

Recoflrmendations called for a reshaping of the bank a.ncl the

i.nstallation of 'tv¿o trench draj-ns plus riprap at the toe of

the bank as shown in Fhotograph P22,?" To date the remedial

measures have been successfulo

2, Vertical \'f ell s

Where drainage by gra',rity is not possible as in the

case of a water-bearing stratum, with a high piezometric

headn below the toe of the embankment, drainage by means of

vertical wells extending down into the water-bearing zone

may be util.ized.
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. ]f artesian pressu.res 'exlst the weÌls are alL.owecl to

flow'freeo However, jf the top of the wel] is too high to

lower the piezometrie head sufficiently enough to increas'e

tfre stability of the banlco pumping rnay be employed to lower

the heado

The wells ma¡r consist of cased ùorehotes with a section

of perfora,hed pipe in the zone to be drainedo A filter may

'tte necessary to avoid the ¡¡i.gration of fines into the casing

and to avoid a reduct'ion in its eff'ectivenesse

3" Vertical Sand llrains
@-

A lcv,'er piezometric heacl may be required in some in*

stances to "nsure future stability" If the flolv is i.nter-

rnittent and pumping. is not economicalu augered holes back-

filled with sancl and gravel may be usedo The vertical sand

clrains act aS relea.Ses for the excess pore pressLlres.aS in the

ca-Se of free f'lowing wells. VetticaJ- sand drains may be d-rain-

ed by interconnecting horizontal drains and. a horizontal

drain emerging near the toe of the bank" Sand drains are

most frequently used dolrnstream of dams to pick up an)¡ seep-

age from beneath the ciamo

Protection of çfppe end Tqe,- -inEi-Þçg

bank is the erosion of materiat from the toe of the slope.

T'his Scouring arvay of material is Llsually most severe orl

the cutsicle of' a bend in the river. I*/ieans of protecting

the toe against scour a-le availabl.e and have been freqtently

one of the frec¡uent causes of instabiJ-ity of a river-
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erûployed wi.th both success ancl failune" Failures are usual-

ly the result of improper material.s and pl.acement' some of

the more cornmon forms of seour protection include riprap'

retarcls anrl revetrnents " Probabl¡r the most frequently employ-

ed method is ri.pranoing" of concern is the extent of the

protection both in'bo the river and up the slope" The bank

shoul-d be s-table before an)¡ for"m of protLction is implemented"

The loss of ma'teri.al a'l the toe constitu.tes a reduct-

ion in the forces resisting sliding and results in a Ìoss

of s.trength along a potentiai failure .p.Laneo As the shear

strength of -bhe soil approaches a limiting value' creep may

occur, even'LuaIly resulting in a faiture of, the banli. To

redu.ce or stop this loss of strength, the soil- a-t the toe

shoulcl be Protected "

I È¿r ñ?õon¿o ts' .

Riprap consj-sts usua)-Iy of granr-ll.ar materials and

is used. to protect the bank from being eroded" Á procedure

for determining the size of material required to resist dis-

p]-acement by the river current is ou.tli-ned. by the u.s.

Bureau of Publ-ic Roads (9). The ripnap mu'st be well-graded

and placed on.a graded filter to prevent the movement of

fines up through the rock.

The riprap should extend from below the toe of the

slope to at least several. feet above normal water level and

in critieal areas m¿ry extend above the flood level' However'

bef'ore the riprap is placed., the stabirity of the bank shoul-d

be lnvestigated ancl remedial measures irnplemented to provide

an adequate safety factor against slidingo
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There a.re many examples of the use of'ri-prap in the

V/innipeg= area" A few are sho'¿'n in photographs P7, P9o PIO

an*q PIl" Pirotograph P? shov+s a section of riverbank along

the Assiniboine River in winniplg 
"n""e 

the riprap at the

toe of the slope appears -uo be performing satisfacto::iIy"

P9 shov¡s a section of the Assiniboine River where riprap

was 1:laced to above the flocd level" A failure of the bank

with the ripi:ap is evident to the right in the photograph

indicati.ng that the bank did not have suff icient resistance

to sliding prior to the ptacing of the riprap. Photograph

PtO i]l-ustrates the use of a well-graded riprap on a proper

bedding aS protection against scoulr at the toe in Oma.nds

Creek in \olinníÞe8" Photograph P1:l shows an example at an-

other, site along the Red River of riprap that does nor;

meet design criteria" It is not wel-l-gradecl. A closer in-

spection of the bank indicated evidence of resent movernent,

2 " Retards

. Retards u.su.al,ly consist of piles driven into the ground

along the toe of. the bank to be protected' Usually round

timber piì-es are driven j-n a singì-e rov¡ or multiple rows'

The pil.es may be spaced close together or far apart' some-

times horizcntal planking is placed between the piles v¿hen

they are spaced several pile diarneters apart' steel or wood-

en sheet piling is also used as retards'

Retards may be used to pick up additiona-l resistance

to sliding of the bank provided that the piles are driven

deepenough.Freguentì-ythepilescannotbedrivendeep
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enough. to develop stiding resis-bance because of shal-low lred-

rock or other hard strata. The pil-es-must also be designed

against loss of lateral support due to scolìrc

There are m"any examples,of the usle of retards to pro-

tect the toe of a bank al-ong both the Red and Assiniboine

Rivers in WinniÞeg" A check of many of these installations

ind¡-cates a high failu.re rate" This may be attributed to

the rela1ively shalJow pile penetr:ation rtrhich gave i.nardequa-te

l-ateral support. The piles are frequentty lateral-J-¡r dis-

placed or overturned"

Pho-tographs P3, PB and P13 to Pz]: inclusj.ve are ex-

amples of attempts to protect the toe of the banks. Photc-

graph P3.1 shotvs a rovr of widety spaced timber piles at the

toe of' Tache Avenue riverbank" Photograph P3"2 shows the

remains of the row of piles 12 years iater. OnI¡r ¿ few of

the pites remain ancl these have moved appreciably" Photo-

graph Pl-4 and PI5 show two other examples along the Red River

of retarcÍs with widely spaced. pites. The loss of soil f''rom

behind the $iles is evident. Photographs Pt6, PL? and PfB

show examples on the Red River of retarcls rvith closely spaced

piles. Again.the loss of material from behind thel piles is

eviclent. Photograph PlB is an example of piles being over-

turned by the faiìure of the bank..

Photographs Pl9, PzO and PZl- shov¡ other local examples

of vertical pile retards r^¡ith horizontal planking between the

piles, In these cases there appears to be little or no loss

of soil from behind the retards and the banks appear stable.
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would indicate

Ioss of soil.

.)w

the r:etards shown in Photographs PI4 to H-7

that the horizontal pla.nking minimizes the

Þh nf.rlsra nh

and wooden sheet

evident at one end of the steel sheet piling retard irt

Photograph FB. Pitotograpir Pll shows a stabl.e rivef'b¿rnk"

It would appear from the photographs that timber pile

retards with horizontal planking or shee-b pi.le retards ca.n

effectively be used to protect the toe of a bank. A filter

is recommencied placed back of the planking to recluce pore

pressures in the soil behind the retards" Speciat attention

ís requir:ed to properly tiethe ends of the retard into the

'bank 
"

Anc¡ther factor that mu.st be considered is tha-c timber

pile retards are susceptible to rot abor¡e the water l-evel

and need expens|ve maintenance, Rotted piles are shown in

Photogr:apirs P16 and PI? 
"

"" Revetments

Revetrnents are a f orm of continuous bank protec bion"

They may be rigid, semi-rigid or fl.exible" An example of

a rigid revetment is a reinfo¡ced conci:ete slab or rock

grouted in-place. Woven willov¡ mattresses, lumber ma*ttresses

and articul-ated concrete mattresses are examples of. semi-

rigid revetments. A riprapped slope may be considered to

be a flexible revetment in that it adjusts readily to move-

ment beneath the revetment. Details and installations ?re

di.scussed by Winkj-ey (10)"

PB and P13 shov¡ local examples of steeÌ

pi ling retards respectively" Failure is
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T'he material for rev'etrnents must be sufficiently

clurable to prevent destruction by the force of the current

in the river and by impact of ice and clebris. Revetments,

eSpeciir.lly of the articulated concrete mattress type' are

relatively expensive to ins-EaIl and are .SU.sceptible to clam-

age durirrg install¿¡"tion. Filter clo-bh'may be used to pT'e-

vent the movernent of fines through openings 'in tire semi-

rigid and flexibl-e revetments. Ri.gid lîe!'etments are velîy

Susceptible to cracking, and breaking-up if the revetment

is unclermined. Photograph PLZ shot,'s th" use of rock grout,-

eci in-place as a mearìs of protecting a bank along the Red

River. The revetment is failing due to undermining"

E " Fe,-!a!nits sllgg.lules

A recognizecl method for stabilizing a s1.ope is to in-

crease the resis'ti.ng forces of the bank by using structural

method.s such aS re'taining rvaIls or ancho::ed l:ullçheads" These

structures obtain 'bheir si;rength outside of the slide area'

either froln beneath or behi-nd the fail-ureo

fn Retainin.c WaIl.s

Ret¿rining walls ¿ìre usually in the form of rigid walls

on massive footings" Typical examples are shoir'n on Fi.gure

10"1. Three points deserve consideration in the design of

a proper retaini.ng waLl in cIaY:

âo the pressure exerted on the wall by the baclcfill,

b. the arlequacy of the foundation soil to support

the structure, ançì

' c. the drainage systern to rninimize polîe pressures

in the backfi1I.



')B

I',lurnerous theoretical and'er,ipi'rical methods for computi.ng

the earth presslrres har¡e been developed. The allorvable soil

pressure to prevent overturning and settlement and the safety

against sliding may be detertnined from strength. tests of' the

soj-l" \{here t}re adequate resistance cannot be obtained at

shal-Iovr depths, piles may 'be used. '

l.or stabilizing a failed ìrantc, the footing of' the

retaining.wall should be bel-ov¿ the base of the fail-ure"

Hovsever, ât the Tache Avenue site this would require excavâ.'

tion at the toe of the bank which v¡ould fu.r'cher endarrger the

bankâ .

2 
" - Ànch9rs$--Þrà!\.L9age

Anchored bulkheads usuaì-Iy consist of a flexibl-e

sheetinq restrai.ned by tie-backs anct penetrating belovr the

mass to be st¿rbil-ized. A typical exarnple is shown on Figure

10"2.

The design of anchored flexible bul.kheads is available

in soil mechanics l-iteratrre" WalI pressureso wall movements,

drainage and anchorage must be considered in the'design" The

wall plîessures at:e determined on the basis of the type of

backfill and the foundation conditions" The type of sheeting

used depends on the rval] moments to be resisted. Anchorage

must be obtained frorn soil behind that to be stabilized, or

from deeper firm stratan Precautions must be taken to pre-

ven.t damage to the tiebacks from corrosion or settlement of

the backfill"
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. Generally speaking it would appear that retaining

wa.l.l-s are more suitable for already stable banks where add-

itiona] stability is required for new loads on the bank.

h¡here the bank has already failed or has a low safety factor,

.excavation for a rêtaining waIJ- wouÌd only further endanger

the t¡ank. Anchored bulklreads may be more applicatrle.in such

ä, case since no excavation is required. Driving of' the sheet-

ing ma¡to however, no-t be desireable in -uhat it cou.l-d trigg,er

another sl-ide "

No exatnples of retaining walls or anchoreC bu.l.lcheads

were observed along the Red and Assiniboine Rivers in the

Winnipeg area. The anchored bul.khead ma¡r h¿rve application

where a vertj-cal bank io prairie level- is requ.iretl. At the

Tache Avenrte site there is no need for a vertical bank at

the wa'ber..'s eclge and the anchors that would be required woulrì

possibly be ve::y expensive.

Su,ch retaining structures are not recommended for the

Tache Âvenue site, althouglt they have otìrer applicalion in

the Winnipeg area.

Ig__q.b_em!ga.l_ S t ab i.l !? a_t i on

. In the tast fev; years considerable work has been done

in the use of chemicals in stabilizing soils. The method of

stabilizing roaci bases by mixing the chemical with the soil

is well known. However, the us,e of cþemrcals in stabilizing

insitu soils is still in the experimental stage. Results of

the insitu methods are <iifficult to evaluate and littl-e in-

formation is avail.able. Another difficul-ty. in inplementing,
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the us.e of chemj.cals to stabilize ernba.nkments appearsto be

the time required..' Handy and Will.iams (ZO) indicated tirat

the full eff ect of this stal-rilizing method is ilelayed by

as much aS three years. Cost factors are also rel.atively

unl<nown,

A number of chemicals have been used in soil staìri-

lization attempts " Onty those cotìsidered applicabl-e to

Winnioeg soil are ref erred to j-n this thesis, and inelude ¡

quick l-ime, hydrated lime and calciurn chloricie"

The chemical-s may be applied by either using drilled

auger holes or trenches fitled with 'a chemic¿rl solution'

or by pressure in,iection of a chemical slurry. In both cases

el-ectro-osmosis may be used "bo speed up the processc

The theory bêhind the reaótion of the cìremicals with

soil- is beyond the scope of this report. Holvever, sorne gen-

eral comments can be made.

Lime stabil-ization is used for stabilizing of embank-

ments either in the form of quick Lime (Cao) or hydrated

lime (Ca(On)Z).' Lime stabilization takes place mainly by

the process of base exchange and cementation. Base exchange

is the process whereby the d.ifferent cations in the solution

in the pore water of the soil replace the adsorberl cations

on the clay mineral. The ability to adsorb exchangeable

cations is knov¡n as base exchange capacity. Different clay

constituents have different base exchange capacities and of

the three most comnon constituents of ctay (montmorillo.nite,

illite ancl kaolinite) montmoriùlonite has the largest cap-
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mon.tmoril.lonite, The process,. wlten taking placeo results in

the agglomera-tion of the fine-grained clay particles with

a resulting reduction in plastici'iy indexo The process 
.

is then followed by cernentation or pozzolanic reaction '

which probably represents the most important aspect of Iime

stabilizatj.on" The reactivity of lime wi-bh soil also in-

creases with ptasticity index" the cementation restllts in the

gain of strength bY the soil.

The use of calcium oxide or qulck lime is probably

the sirnplest form of lime stabilization" It requires the

l-east complicated equipment" Auger hqles are drilled at some

predetermined spacing and filled with quj.ck l-ineo Vlater: is

adcied to the guick lime and the hote sealed of'f with a clay

pl-ug" This rnethod äe.]-ies on the movement of the ground water

to help the migration of the l.ime through the soilo V/here

a soil is relativel.y homogeneous and impermeable, Such as

is the case for a high plastic cl,ay with some fissures' silt

and sand lenses, etc. , it may be more effective to use a

hydrated lime si-ttrry injected into the soil. The lime slurry

is injected into -n: soil under high pressures by means of

specially designed injection jets which are pushed into the

ground to the desired depth and slolr¡Iy witlrdrawn as the li'rne

slurry is injecteci" To avoid l.oss of slurry alongsi-de the

injection pipes it ma¡r be neccessary to fi.rst seal the sur-

face of the entire area by means of mixing lime with the

surîace soil much as for stabilizing,a road base. This forms

41
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an irnp.errneable mat and is also useful in providing a working

surface for the machines.

The slurry is mixed in proportions whi.ch are best

suited for maxirnum reaction with the type of soil being

staì:ilized" A rr'etting agent is used to pronote dispersion.

The slurry can also be du.mped into borðhol-es or trenciìesu

However, the lime tends to settle out and onì-y the water

migr:ates through the soil unless the sì-urr¡r is consta.ntì-y

a'gitatecì.o Considering the time in years requ.ired for com-

l-ete dispersíon of the sluri:y, this method is not practicalo

Thc-: use of injected hydra-bed 'Ij-me apoears io be à

better means of stabilizing soils as demonstrated b¡r exper-

imental sites reported by Lundy and Greenfiel-d (15) and

oùhers reported by the National Lime Association (16)'

The hydrated lime rvas found to create a moisture barrier

by peneti:ating along seams and f issures in the soil. Pene-

trgtion of post glacial soils (soft clayey sil-t) was found

to be in the order of a f ive foot radius. Sorne probJ.ems

were encountered, such as ìoss of slurr:y alongside injectioh
pi,pes but these could be partiali.y overcome by a surface

seal as d.escribed previously. The high pressure methorl

appeared moderately successful. Physical characteristiis

of the soil were not appreciably changed after one year ex-

cept for shear strength which was found to be approximately

doubled where l-ime petretration v"as good

Another chemical that has been tried experimentally

with some success in Sweden by Taì-me (17) is cal-cium chloride"
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The salt is placed by injection or electro-injectl-on' fn-

j ection is empl-oyed as descrit¡ed f or l-ime stabil i.zation.

Electro-injection uses the process of electro-osmosis -to

speed up the movement of the ions of the salt in the soil-

pore tvaTere Cal-cium chloricie \\,aS found to increase the shear

strength of at] cLays, the degree of increase depending on

the type of clay being stabilized and how.mu.ch salt was

being usedo The increase in shear strength aLso depencled

on the cl.egree of penetration of the sat-b into the ÇIay itself"

At another sj_te described by Talme (L7) use was made

of el-ectro-injection to move the fluj.d containing the salt

ions thror.rgh the soil" The clay content of the soil varied

frorn 50 to /0,oercent and had a sensitivity of between 2J

and 50, After about a weel< it was found that the strength

of the insitu soil had increased b5r 28 percent although the

variation v,/as Sreat depenciing on rvhere the samples were taken

in ret.ation to the injection ho1e. It rvas also f'ound that

after the injection, the sal-t continued. to diff'use throúgh

the solJ-.

l\one of' the experiments d.escribed atbove dealt with

a high plastic cla¡r.6f low seTìsitivity such as are encoun-

tered in the Winnipeg âreâe However, the method of' stabi-

lization, cloes lend itself to a¡eas. of' Iimited right-of-way.

Since this is the case in many riverbanks where the banks

have receded until the bull-dings are th¡eatene<l, it may be

desireable to use a method such as chemical stabilization.

The'chemical calcium chloride reacts,very well- with clays

having a high montmoriltonite content such as the Winnipeg
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for stabilizi.ng a riverbank in clay, a test stabitization

of a failed and fully instrumented site v¡ould be a prere-

quisite to any fuIl-scále use of this method"'

Q . 
--El 

j nii"ngj: ine ryìI:L *Dfa!/ll?wn

The llrevi:ous methods dealt with the stabilization

of relatively short reaches of riverbank and there.fore lvould

be of interest to individriat property owners having simi.lar

problems" Hon,ever, there is an encompassing remedial- measure

which w<¡uld help to improve stability of practicaJ-l-y alI

banks in the Winnr-peg areao

This can be effected by rnaintaining the present sum-

mer water leve1s for the entire year except during spring

runoff" Previous to the construction of the Red River Flood-

way around Winnipeg, i'b was necessalîy to l-ov¿er:the river -i-n

the fal.l- in order to provide foz' additiona] storage during

spring runoff. The gates of' the Stn y'¡ndrews locks at Lock-

port were not designed to withstand ice pressures and there-

fore had to be raised every fall to prevent ice damage. The

only means of .maj.ntaining the hTgher water l-eveIs in surnmer

and winter woul-d be to construct another cian or fixed-crest

weir upstream of the existing structures.

That a relationship between the numerous bank fail-

ures and the fall- drawdown exists was suggested as early

as l-.953 when the "Report on Investiga-lions into Nleasures

for:'the Reduction of the Fl.ood Ìlazard in the Greater Winnipeg



.+5
Arep*",'. Appenclix E (18 ) stated' that there is a "controversial

question of r^¡hether the operation <!f the dam.at Lockpor:t is

responsible for the bank slippage occurring in the faI1 o.f

the year", and went on to suggest that }owering the water

in two stages as is presentflr done actually redu'ces the num-

ber of bank f'ailures that v*ould occur if the waten vuas lov¡-

ered. to w|nter. Ievel in one stage' ,[n L953 there was no

e waþr'Ievel in the falt"alternative to lorverilng the waEr, level ln the Ï'a.|l

In 1966 Sutherland (19) repor:ted tirat the "l.ower the

dravudor,vno the more unsta'ol.e a bank becomesn ancl an unneces-

,sarily rapici rate of autumn draldovrn may have been the trig-

ger that set off failures in the paSt"" Su.therland did not

rnention maintaining. the summer water Ievel in the winter

but rather stated that "contro] can be exercised over the

autumn drawcìown and it is stron.gly recommended that this

drawdoiryn shoutd be carried out "..â-t the slorvest rate possibl-e"

In L96g, T9?O and 19?1 measureìnents taken by rneans

of slope indicators again showed a reÌationship between the

fall dcawdown

and Sto Vital

indicate that

tween 40 and

It is

and the

(-t l_gure

there is

given to not lowerilg the. water levels in the Red River in

the falt. If the gates at Lockport cannot be strengthened

to resist the i.ce pressurer Soilê other form of control may

be necessary, Such aS a rock weir upstrearn of the gates or

bank movements both at Tache Avenue

9 ) . Stability arialyses by Janzen (þ)

50 percent

therefore

an increase in safetY factor of be-

from winter Ìer¡els to summer levelso

reconniended that consideratiòn be
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a comptetely new structure" A new dam would be a very ex-

pensive undertakir"rg. Horvevero if repairs to the existing

stru.cture are continually neces.sary and the riverbarrk pro-

perty is becoming, increasingly more vatuable, the cost-ben-

efit ratio of a new dam may become more acceptable.

A sturly would have to be und.ertâken to determine the

problems to be anticipated with the construction of a nev\'

damo An investigation would have to be carried out to de-

tbrnine the backwater effect of a weir crest fixed at some

elevation such as the surnmer leve}, which would provide ade-

quate capacity for.spi:inq flood flows. The flooding of low

lying areas lvou.ld afso have to be investigated"



CiIAPTER VIII

RECOMMEN]]}TIONSANDDESIGNcoNSIDERATIONS

AII the remedial *ut",rt"= discussed in chapter vII

could be used to some degree to stabiLi,ze a cla¡i riverbank

such as the Tache Avenue bank" cou.ntu*lrul-arr"ing with a rock

berm at the toe woulrì stabilize the bank by providing- the -

necessary resistance to sì-iding" It can be implemented with

reaclily available materials and ectruipment without further en-

dangering the bank. Its effect is also easily evaluated.

Flattening of the slope or reducing the bank hei.ght wou'ld

recluce the loads on tþe bank, but these methods are lj'mited

by rigìrt-of-vuay and the need for relocating underground ser-

víces. In addition erosion protection at the toe would still

be requi:red. Drainage by mearrs of horizontal trench clr:rins

coulcl be usecl to reduce the pore pressuresø i{otn¡ever, j-t is

difficult to predic*, tlie degree of the effectiveness of t'tre

drains" They tt,ould have to be i.nstrumen*red with piezometers

so that if required, add j-tional drains could be addeci " l'hez'e-

fore it may be desireable to use it with some other s'¿abi-Llz-

ing measures" Erosion p'rotection onty e-l-iminates the 1oss

of soil at the toe ancl does not increase the stability of the

bank. A failed bankv¿ou1d have tc be stabitized first before

toe protection would. be effective, Riprap appears to be the

most suitabl e type of toe protection in the winnilleg areao

Retaining structures do not appear to be very appficable to

the Tache Avenue site as a. means of sta.bilizing tÌ:e fail-ure.
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fns't,al-.]a'l,ion of a retaining waI1 would en<latrger the bank

ìrecause of the necessary excavation. The eff ects of; chem-

ical stabilization are too clifficutt to eval-uate at this .

tirne as is the cost" Horvever, the method does l-encl itself

to aï'eas of I imited right-of-way where conventional methods

ar e not pÕssibleo Further investigatiòn woul-d ha've to be

carrieci out to determine '',he feasibiJ-it¡r of mairitaining the

su.mm6¡r water l-evel throughout the sumrnell anrl wjn'ter before

the fal} dratt, dov¡n could be elimi-nated.

on the basis of tire above, it is recommended that

cou.nterbalancing with a rock l:erm be enployerl as a rûeans

of stabilizing a rjr¡erb:ank such as the Tache Avenue bank.

I'b is also recommended that a form - of toe draiTlage be pro-

vided to reciuce the pore pressures at the toe as an addition-

al saf.'ety factor, It is recomlnended'that rock 'be u*sed f'or

the counter:weight" The roclc shoul-cl be of sufficient

si.ze to resi-qt displacement by the current in the river' ice

and vfave action. The toe drai-nage woul-d be in the form of'

hori z,ontal trench drains, initiatl y spacecl at 100 f oot inter-

vaIs.

The sj.ze of ber.m required to increase the safety factor

li¡r 20 percent is detenmineri b¡r trial ancl error. A typical

eross-section of the bank was analyzed as follov'ls: A fail-

ure plane was aporoximatecl irom visual evidence of cracks

and rnovement and f'rom slope indicator ancl. alignrnent pin data"

The case of fal-t drawd.orun was simulated by assurring sumrner

pore pressures wj.th the river at winter ice l-evelo nn average
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residual value of g"6' deg,rees, ,ê.S determined by Janzet-l (4),

was used for the effective angl.e of friction. A safety

factor. of ]"0 was obtained by irrtroducing a smal] cohesion

of 0"6 pounds Per square inch"

/t berm was suþer-imposed on the cross-section as

sho¡n.on Figure lL j.¡ order to obtain à saf'ety factol of

I.2 unde¡ f'alt drawflown conditions. This represents an

increase in safety factor of 20 percent, ne.-glecting any in-

crease il safety f'actor due to the hortr-ontal drains and

the shear strength through the rock filI"

the aver:age su.nmer water level. in the river is approx-

irnately elevation 73LV,O, To protect a.,c',ainst some fluctu+

tions in water level and to protect against wave action'

the rock shoulcl extend up to elevation ?36'Q' To proteet

ag,ainst undermin-ing, -t,he rock)shoul-d extend belolv tþe winte::

ice level- of approximately elerration 727 "O, A side slope

of J¡1 was used for the rock berm t:t added s'tabj lity and

to heJ-p dissipate some of the wave energy. A typical sec-

tion thror.rgh the berm is shown on Figu-re 11"

The maximum velocity of tite river is approximateì-y

six feet per çecond. The average riprap size requ.ire.d to

resist displacement by -üfris velocity along a relatir¡ely

straight stretch of channel would be four inches I âs recom-

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

i.mpingement, it is recommended tha.t the design velocity be

rioubled. This wou.Id result in a ri.prap 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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between the

mento it is

velocity of

rec¡uired to

J: t channel

5o

into the Red River" Since this is somewhere

cases of straight alignment and direct imping,e-

recommended that the riorap be ciesigned for a

10 feet per second" The average size of riprap

resist a- veloci-ty of IC feet pelî second on a

side slope is 10 inches. The maximtim size of'

riprap requi.red is usually taken as f,,5 times the avera-ge

s ize, oI. in this case 15 inches, 'The mi.ni.mum siz e shourld

be three inches n A typical gradation is as follows:

Riprap Size
( inches )

r5
-^Lé

10

B

where the riprap is pla"ced directly on the bank, a bedding

or filter is required for the rockn The bedding shoul-d meet

the follovring criteria:

h, ,::""=:":,"1:"t1 
<s <:ïj::="" ï_'j'11] * uo-itr5]nffi-

-t1t L)

Since the bank material j-s a highlV pl'asti-c cta.y, the second

criteria. js not so critical and may be negl-ected. Therefore'

the filter shoukl be a clean (free-diraining), well--graded,

sandy gravel having about 85 pefcent passing the 2 inch sieve'

Percent sma]Ier than
hr¡ r,;e i p'h tv¡Y rrvr¡r¡ _

25

L5

100

I00

5o

20

0
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'. Since a thickness of r''iprap equ.aJ- 1s the maximunt size

of rock requirecì is sufficj-ent for protection against dis-

placementn the core of t)re rock berni may consist of' antlr ¿-

vaj-Iabl.e g-ratrular material- such a.s crusheri roc]ç or broken-

up concrete as long as the materiat j s free-draining and the

targ-er si zes cìo not crea.te voids in the berm'

The port ion of the riverbank above the riprap sr,ou-td

be graded al-rd l-evel-led to facilitate surface drainage. lllhe

street should be reconstructed so that al-t street drains

discharge into existine- storm Sev/ers and not onto the slo¡re

throu,gh a pipe benea'bh the street. A curb should also be

constru.cted on tire river side of the street to prevent run-

off from washing onto the bank.

The horizontal trench drains may be excavated 'by nleans

of' a tractor-mountecl ba.ckhoe" An ini'tiaÌ spacing of i00

foot intervals is suggested' The trench widths need be only

about two feet at the botton and as nerrovr ¿ls the excavation

wil-l permit at the top" The bottom of the trench should be

at approximately the rvinter water l-evel with a s}ight slope

towards the river. The trenches shoul-d. extenrì back into the

bank a clistance of 50 feet as shown cn Figure 11"

The 'trenches shou.l-d be backfil.Ied with a 12 inch lay-

er of sando fo]Iov¿ed by crushed stone, one-half inch to six

inch diametér, to within lwo feet of the ground surface"

over this should be placecl another foot of' sand followed

by à layer of toPsoil to grade.



52

. The effect of the trench drains on the pore pressures

in the bank wiIl have to be monitoreC. Piezorneters shoultl

be installed in a section of t}e bank similarly as for the

two earlier sites. If the pore pressures are not sufficietrtly

reduced with the drains at 100 foot intervals, it rnay be ne-

cessary to clecrea.se the spacing, -bo J0 feeto In addi'bion to

the piezometers, it v¿ou..l.cl be cLesireable to install a numtler

of'slope hole indicator pipes in the "stabj-lizecf" bank to

m'onitor the effectiveness of' the remedial measures"
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a.) Mottl-ed brown and grey' highly plastic clay

Moisture Content (%) | 4+.S

Liquid Linit

Flastic Limit (/"0 | ll.l
Unconfined Compressive Strength

Direct Shear (residual vatues)t
I

(r") I Br.3

Effective AneIe of Internal Frictiori

Effective corresion(nsF) 
| 

?2 
I 

o.o - lr5
+ Data fro¡n a St. Vita1 site aLso incLuded as per

b.) Crey, highLy Plastic claY-

62.6 - rro.
28.5 - )7,

2420 l15oo-1280
1r2 | ro9- II4

Moisture Content ("Á)

Liquid Limit (/")

Plastic Limit (/")

Unconf ined Compress ive
( PSF)

Wet Densit¡'. (PCF)

Direct Shear (residual

-LO

1+

+

Janzen

Efjective Ângle of Interrlal Fricti" (degrèes 1 9.5

Effective cotresion(PSF) I 130

c.) Low plastic, silty' sandy, graveLLy cLay (Till)

4.8 - 69.0

105 - lI7

8.0- 11.5

?2 - 2l.6

IYroisture Content (1.) | 16.8

(tl).

tiquid Limit (1") | 24.2

Plastic Linit (1A) | r3.2

wet Density (PCF) I IzB

Unconfined Compressive Strength
(PSr) | looo

Direct Shear (residual val-Jes),
I

Effective Angle of fnternal Friction
(degrees) | )I.5

I
Effective Cohesion(PSF) 

| 
0.0

Consolidated Undrained lriåxial¡
I(with pore pressurements) |
I

Effective Ângle of Internal. Friction

Average

7.5 - 30.8

I?.g - J6.6

r2.3 - t3,8

108 - r,42

900 - 18oo

I

rì

)

Effective Cohesion(PsF) | 288

7

?

t1

)

(degrees) | zg.o

ÎÁBLE I
Surrâary of l,aboratory lests

25,4. 32.5

O\i



PHOTOGRAPHS



•

Pl. Tache Avenue riverbank. August 1971.



•

Fa. Tache Avenue riverbank
a fresh failure scarp.

site, 1858. Note what appears tc be
Courtesy Manitoba Provincial Archives.
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P3.1 Timber pile retard at toe of slope.
Tache Avenue riverbank, 1959.

PJ.2 Timber pile retard in P3.1 disp1aced
by bank movement. Tache Avenue. 1971.
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P4.1 New failure scarp, Tache Avenue site,
1959.

P4.2 Failure scarp of P4.1 with grass cover
and small trees, Tache Avenue. 1971.
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P5. Example of an older failure with fresh
cracks and slumps appearing, Tache
Avenue, ]971.

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, ARsiniboine River. 1972.

= ,

pa. Slope flattening to improve stability
with a sheet piling retard for protection
against erosion, Red River, 1972.
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P9. Riprap
stage.
rap at

protection of slope to above flood
Note failure of bank through rip

right, Assiniboine River. 1972.

PIO. Riprap protection to just above summer
water level, Dmands Creek, 1972.
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Pll. 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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,

Pl). Combination of timber piling retard and
riprap ~lope proteotion, Red River. 1972.

~--..-......

P14. Timber pile reta~d. 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.

P16. Timber pile retard. piles c~osely

spaced. Red River. 1972.
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PI? 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
planki~g. Assiniboine River. 1972.

P20. Timber pile retard with horizon~al plank
ing. Note stone retaining wall well up
the slope. Red River. 1972.
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P21. Timber pile retard with horizontal
planking. Note established growth of
shrubs and small trees behind retard.
Red River. 1972.
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• II' 'I

P22.1 Bank failure in
an old r.hannel.

backfilled portion of
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 instAlled.
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"A.PPENDIX C: RED RIVER

( REDI,,/oot)

WATER LEVETS

lìp T nÎ' Ë'\ylrLu¿ tJ ¡

AT VIINNIPEG
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RED nrvEn ¡r w¡xl.:rpÉe - srÀlroN No. 05oJool
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LOCÂTION - LÀT q9 55 OO N

LO¡¡C a7 07 30 H

È]P. LEVDLS ÀPN REFENREÞ TO GEODETIC SURVËY OP CÀI:ÀDÀ DÀîUH'
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l¿
!9

fr

ì)

27

29
l0
ll

7 2ß .07
728.07

72¿.08
72A.08
729.0?

::-
725.0)
?28.10
728.1?
728. tJ
7 28.. l6

1?.5-17
??8 . 17
128.1e

728. l8

'29:!e
72ts.14

728.14
?28.19
728,19

"l=)'

Þ¡.Y

1

.7
I

10

l1

13
l¡l
15

f6
17
1B
19

E Ea Mt¡R

?28.19 724.2\
72a,19 12A.ztl
72s.19 718.23
728.20 12A.24
724.20 728.24

?33.95
733.e8
733.66
733,55

"1:l1

'::: :_:
72Ê.22 128.?\
128 . 26 7 2A .2.4
724.2\ 728.21

724.2t 72A.21

'2!:?6 7'2:?o

728.?4 72A-35

728.7.1 729.35
728.22 72i'.11
72A.24 729.0ø7'!:.!t "!:1'

127.38
727.ß9

727 .55 72A.02
727.t¿9 72A.02
721 .11

726.71
't26,11

7?3.05
72.4.05

?26.A9 ?28.06
72.A,O6

REGULÀîED

RED RIt'ER ÀT I¡]'NNIPEG - SÍÀI'IOX NO. OsOJOO'I

D^ILr- HÀîER LEVEL IN F!:ET FCR r971

APR HAì

i31.31
7 J2.13

734.q0
71q.39

731.q6 73{.40
7Jt,70
?11.80
7 32 ,56
7 31:10

?\?.-90
7 42 .56
1\2 , 10
7\1.?6

:::
7¡t0.59
7 40 .56

?1r0.!t6
740,32

"l_]'
7 i7 ,02
1 36 .26
735.89't35.19
735.O7

21

zq

724.31
728.24
728.31

t'!:1 t

ÎYPE O¡' GÀUGD - IÍÀI.¡UAL
LOCÀ1ION - LÀT C9 55 oO N

LONG s7 07 30 H

HATER LEVãLS ÀRE PEF¿RREO 1O CËODETTC SURVÊY OP CÀNÀDÀ DATUN.

JUñ

7 7c .22
7 3q .26

7 31:9 3

21
2A
2i
'3t

734.t1
t 31:3u

7JC.70

734.59
7lc-36
733,eq
t tl:! o

?13.86
733,66
7 3J .60
733.q8

7 rl_..3q

i3q.00
73¡¡.02

734.13
734.16
7 3!--?o

7 34 -22

72t.19
727,79
72A.11

t'!:13

7?.e.90
7 29 ,66
129.e9

JUL

73t-12

'3!:.!'
¡¡i.ãu
7 33 .66
1 33 ..(,2
7.13.52

tÃ.oz
73q.02
731.95
734.0r1

73r¡.01

7 3 3.. C,t
73l.lr
737.39
733.{r

"i_1'
733.59
733,68
713.75
731 .75

'31:9 
1

l¡ã.ns
731.58
7 73.69
7 33.7 2

7 t1:!6

711.80
733.87

7 3J .99
t3ri.097'1:lo

-:-
7t4. eq
?1q.06
733.50
7 33 .65
713.80

733.79
73J.i9
| 33 .72

t;lìs
73J.78'r33.72
733.72

7f3,1_2

733.70
711.72

7)3.73
733.14

' 'l_ I'
7 31 .82
731.99
73¡r.09
734.10
734.O9

714.00
731.96
713.90

733.88

:::
733.85
?33.85

sÈP

?33.85
?31.85

"Li'

ocT llov
t34.06 

'12. 
!6

7.32 .59
732.15

7t3.63 731.2q
?33.6C 711.2.1

7fl.6q
711.56
733:70 711.t5

?31.1&
, J | . ùò

33.76
13.?9
31,81
_ì3.70
33.71

---
7 33.77
733.78
13J.78

7 13 .18

'r2:!e
73f.78
733.73

7J3.51
t tl: !'
7J3.91
?3r¡ .00
73rl .Ol
714 .05

t

731.66
713.61
731.61
?13.58
7 33 .57

:-:
733.54
7 33,7 2
?33.72

717.e2

'rl:! t

734.92

734.6A
73¡r.18
7 J3.99
7 3l:1s

D9C

730.38
730.38
739:lu

731.75
7 3l:35

730.?.î,

7 30 .25
7 3! .22
7 30 .22

'r2:?t

7 3u.29
730.35
730.36
7 30. l8
t 3!:lt
? 30. lg
730.1s

730.19 6730.39 7?10.39 I730-19 9730.19 l0
t1
t2

730- 36 t3730.16 tr¡730.15 t5
?30.35 t6
730-35 r7

t8
¡9

730. ls 26

730.38 21?tc.lù 22
7 fo .3) 237to.zt 24

26730.39 27?30.39 28730.38 29?30.33 20?!0.38 3 1

DÀY

I
2

c

REGUt.f.lEO



APPENDlX
IIU¡ SLOPE

SITES

INDICATOR DEFLEGTIOhI DAT.A'

I AND 2.



ANALVSIS ÛF SLOPE ¡NDICATOR DATA

;LOPE INDICATOR DATA ¡N BOR¡NGS

l Slope IncJicator measures the inclination of the

:ng in an observation well at frequent intervals

dãpth. One set of reaclings is taken in one where:

ove, ancl an additional set is tal<en in the groove A M
the opnosite wall of tlre casing. The instrument
diusted so that the i¡rclination (i) of the casing

m the vertical may be compulted by tlre follow- t,
equatiott:

tani = Dru-9s c

2k

tre

D¡ = Dial Reacling in North Groove

Dg = Dial Reading in South Groove

k = 2000 for Series 200-B lnstrument

y change in inclination at a given depth pro-

:es a clrauge in dial differences.

AM

A Dial

¿

c

lateral movement at each interval of
deptlr

vertical distance between successive

readings

{, lzv

rchange in inclination may be expressed as:

(Atani
( A dial

D¡1 - Dgl new reading -
D¡¡ - Dgl initial readirrg

Atani

cornpute
Jepth

lf the vertical distance between successivq readings

¡s constant, then the total lateral movement (N4) of
any point witlr respect to the bottom is:

M= Ð ÂM

= c Ð ADial

For an instrument constant of k=2000, an average

distance betw'een readings oÍ {.=2Q inches (three

rcadings pei' Íive-foot length),
20

"=ã¡ffi.) =0.005

and M=0.005 t 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 irr inches).

A Dial=æ
2l<

the lateral movements at each interval

-------

-- -:.rrji:Árù!i---:-:::! :----:'i:-l!---:--irr1g:'4:-i

FIG. V.A TYPICAL FAII-('RE PI-ANL IN LANDSLIDE

\.{ 1... ..

SLOPE INDICATOR
II,¡STALLATIONS

TYPICAL FAILURE PLANE
IN LANDSLIDI, DETER'\4INED
TI.IROUOH ANALYSIS OF
SLOPE INÐICA]'OR DATA

______

.---ì's"¡:-t:-,h



:'"d,iiilåifËåi""-æ
*T:Iol.1T9¡ -om ____

ì;lË"i,-tffiåt-t-- s¡eer-Lor -L

=ffi
=isi-frfg+ijË--i :19 I 119::i':.iä-[=_

The movement is usually calculated only once perfive foot section, except in zones of actíve fnove-ment.

The cJial cjífferences taken from the Fielcl DataSheet (Fig. V_B) are transcribed directfy onto thes,L¡mlar.y sheet (Fig. y-ç¡. Ã, .iirt¡onat sers areobrained, the new cliat cfiffcr.;;;;- are tiker¡¡isetranscribed onto the Summa,.y Sf.r..a. lf the ctialchanges are positiv", Ú,u ,ppu, pTrt¡on of thecasins is beins dìsptacect ,o .Ãã ñoiin tor' positivegroove) with respect to the bottom. 
-

Plots of dial changes and of deflections areprepared as shown in (Fig. v-DI ilu clefrectíoncurve should be drawn u, o .rootÅ, t.*, hunUcurve. ft shoufd noJ be inferrecl tror'ìf,¡, methodof plottíng that the initíai 
"i'rinn"'¡nrtaltation isvertical. For the purpose of measui¡ng subsequentmovement the initial casing ¡nctina-t¡on is notplotted.

lf a ,zone of movement is determined from theanatysis of the data, it i, reco;;;ä; rhat fieldreadings be obtained ur.ri*_in"Á ;;,"rr;; r¡¿íthin the.zone. This win berter define rh. iì;il;f the zoneand the maximum movement.
FIG. V.B TYPTCAL FIETJD DATA SHÊET FOR BORINGS

si-opc ¡¡iüicÀTorr-iffi
pno¡ecr__-g,LotE_Í,te!-elrg8_ JOO NO

oBsERYAltolt g€LL NO.

sror er¡nrro lf-S

sàtlotl

FIG. V.C TYPICAL SUMI\IAIIY STTEET FOR BOBTNGS

v-2



23. 2,70

D3

DEFL. i]JEFL.
(in.) i (in..)

-1.128 -r.584 ; -r.752 ',, -L.992
-1, I94 -L6?4 ' -1' 84? '' '2.07o
-í',àøø , -r,??o -r,9i? : -2'r5+
-T,320 ; -l .BJo ' -Z.Og\ ' -2.22A
-i. óao : -r .gi4 -2.088 ' -2,?16-
-í-"-t+iz : -2.ô04' ', -2.2o2 ' -2,4)6
-L,5:42 - -l.r?.t+ -2ðt+6 -2.592
-:r.-638 -2 Õ04 -?,538 -2.8O2
-l-,øáo -2,256 -2.502 ', -2,?60
-r " 

¿t¡é -2. ot6 -2,25o '2.49o.
-r.oóg -L.3gz -r"542 'L,?16
-0.4?o -o.6ocl -o .660 : -o "738

o "oZB o.060 o.o72 Q "Q72
ó. rra o. t3B o. r59 o,16?
o. tóB o.l-o8 o ' l-1& I 0.13?
0.066 0.o66 o. 060 o.o?8
0.018 0.012 0"01.8 I 0"024

:6" 2,7o
SLOPE INDICI\TOR DATA TA-1

;JL.r',?,69 23. L.?O

DEFL. ÐEFL. DEFL.
(in;.) , (in") (iñ.-)

8.12"69 1rO .r2.69 2+.r2,69

l. l+.Zo L6, 4,?o,37.. ?.?o l-l+. 8.?0 2,8. 8.70 14. 9.7o

DEFL.
(in.¡

-r,o56
-1. I34
-L.2I2
-r,260
-r.Jcç
-t "362
-1. 4'l+0

-1,536
-1.518
-1.380
-0.984
-0.456
0"0
o. 060
0.048
,0.030
o. 006

-3.048
-).234
-3.426
-3 " 570
-3,?20
4,894
-4.L28
-4.1+16
-4"33ø
-).BB?
-2.64o
-T,T22
0.186
0.288
o.2)4
0.7 50
o. 060

DEFL.

J::.1_
-0,732
-0,774
-0.816:
-0,852
-0. BBB
-0 .930
-0.984
-1.04¿l
-L.A32
-0.942
-0.660
-0.288
o.036
o. o7B
0,066
0"042
0,012

DEFI,.
(in")

-3.054
-3,zt+O
-3.438
-3.570') "7Il+
-3,882
-4. r1-0
-4.404
-4,326
-3,870
-2.628
-1.092
o,222
e.)24
Q.2'5?
o. 162
o.066

DEFL.(in.)

-3,O74
-3.246
4.426
4,564
-3.708
4,876
-4. 116
-4,404
-4.J26
4,86+
-z,6Lo
-1.074

o ".234o.3l-B
.o,246
0,L56
o. 060

ATE

t3
f

')HFL.(in.)

-3,L20
-3.270
-3,42.6
4,564
-3,708
-3,882
-4.r22
-4,422
-4,)5a
^),882
-2.634
-L.O92
0,234
o,342
o.zT6
O. IBO
O.O78

DBFL.
(in.¡

fr
I
1
I
1
L
2
¿
2
a

3
?

3

4.c,96
-3,228
4,36A
4.47t+
4.6o6
4.?7t+
-4.014
-l+,32o
-4,296
4,876
-z.6Lo
-L.Q56
o,222
o,)24
o.2ll'o
o .138
0,048

I]EFL.
(in.)

2,I72 -2"952.z.z5o 4.o6o
z. jzz -3.l-68?..394 -3.276
Z,l+gO . -3.4O22,6t6 -j .558
2.802 -3,780
3.ozl+ -4.0682,982 -4,0442,688 4.654
r "836 -2.4?20.780 -r,o260,096 0 .L56
o.1.gB o,264,
o ,156 o "rg2o. o9o o. ro8 ,

o. o3o o,o36 ,

ÁTE ,18" 3"70:

I]EFL.
( in..)

z n?.
l. al*o 4\'+oa\
6,2i

?;

?i
¿i
ci

I

2

i

I

o

a

+

¡

B
0
2
4
6

I
I
]
18.2¡
20.2"
22.2,
24.z
26.2,
28.2,
30,2
32 "2
34.?-



JDATE

(ft, )

5. 9.70 '1.3.10.?0 i29.1-0.70

2.2
l,l .2
6.2
8,2

10.2
12,2
l-4,2
f.6"2
TB.2
2A,2
22"2
24,2
26.2
28,2
)Q.2

nL-ÉaTU):,L L!.

(in.)

-3.372
-),1t74
-3.624
_,a.774
-3.846
-4., 008
-4.?24
-t+ " 4gl+
-11.."416
-3,942
-z "640-1, Ca8
o,234
0.336
o.270
0 " l-74
o,Q7?.

DEFL"(in')

-3 "390-3,5r0
-3.624
-3.744
4,876
-lr. o3B
-l+,254
-4.5L8
-4.t+j4
-3.954
-2.682
-I , I34

o. 198
0, -"12
0.240
o,1l+4
0.066

DEFL.
( in \\ +¡¡a /

12.l_1. 
" 70

4,396
-3,5L0
4,62t+
-3,738
4,864
-t+.020
-l+,?.4?
-4,524
-l+.1+)u
4 "966-2.682
-1.110
o,234
o,336
0.?70
o . -174
o.o72

32,2
3!:?

ÐEFL.
(in. )

-3,936
-4.050
-11.,I7o
-4.?.go
-4,428
-4"602
-4. B30
-5,l_18
-5.046
-4,5J0
4.066
-T,284
o.216
o,330
o.264
o "16?0,0?2

D4



6" 2.?o ¡23 " 2 '7o
t-\l--f¡ TgËl tJ 3

(i.n")

D5

"2,?U

,4
12:
io
>-l!',

l0'
ìR'
)¿l'
't.a

72
78
7F,

3L- .

| -.'

nA

]B
L*
¿,Lt,

IB

'l ()

il

)

t?c'
io8
r?P,

\72.
io6
r.02
)94'
r <ll
.70
r6tì
I l¿l-
l7,q
¡Art
'¡ Ar
38 ¿I

09tl
og(
oE r-i

ô (li.

0l i,
n
o(r ¿,

o0 (,

.822
o L*l

"631
"g3i
. O!(

'.OZlr. -1.ö(
r"13[
t.021
)" 04.t
) "07").07{
).0?l
).06,
).03
)"01
)"0
J.0

3"01
c"02
0"02.
o"0l

9"?

EFI;:
in" )

? .Iri
5.59
).7:
1. Bi
0.6(
0.l.(
^ 

?¡
0.3 j
O,2',
0.1(
rì1voJ,

0"0'
0.0t
0.0,
0"0i
0. Q'

0.0
0"0
0.0
0.0
0"0

-0"0
-()"0

-3.
-3,
-2o
-10
-0"
-0.

U¿

0,
-0,

-0
-0
-0
-U
-C

0
IJ

-0
-0
-0
-0
-0

t.Á+r

DE

-lr
-?

7

-l
-C
-(

L

(
(

(

(

(

(

(

{

I

I

,

ll-F-f'J-,.
(in")

leo I

Boz 
I

220 i

554i
444 i

150 
I

330 i,

288 ì

r80 i

l.0B r

072 \

054 i

o3o i

036;
060 

i

,078 
I

, oBl+ i

,0?g i

,066 i

,036 i

.024 i

"006 i

.006 i

----...-. --
¡.Zo¡l
-.**"-1"
Ë1r I, -: ir.) 

|

.128 |

,394 |

,7A?- 
|

.gB0 I

.828 
I'r(nl

o tJv \,

.120 I

.138 !

.060 |

r" 030,1'
r.078 Ì

| "096 ,

). l-02 ,

).084 :

).060
)/ú6
),a2.4',
).o2.4
).048 I

).060 ì

)"060 I

1.048 i

1.024 I

,).t+4 i -3 .)9o
"804 | -2.802
.064 i -2"220
.448 t .-f "55Lt
.4tl4 i -o .441;
.lr& i 0"15C
.?82 ì 0.33C

"248 i 0"288

" 
150 i o. r8c

,.096 I o.l.o€
,.060 ' O ,072
;.042 i O. O5t
i"0lo ì 0"03(
t.OJ6 I ti"03t
r"05tl i 0"06t
f"o?8 i O'O7l
!" oB4 i O. OBI

I"O7B i O"O?t
).060 , o"06'
'þ.04?l 0"03,
),.012 i o.oe
).006 [ o"oo
).006 i -0.00
-.--_iL
B,?O'rZB, 8.7

".-^.__-_._f_*-

EFr,, i i,lrni,.
in.) [ (in.)
.----+--
? "Og8lu -? .7.2
5"37a \ -5,39
3.648 i 4"7A
i,gjz | -r.98
a,,??4 | -0. BZ
o"cB4 i -O.lj
û.l8o i 0"12
o"1.98 i 0.1;
0.120 I O. Ot
o.o3o ì -o"o:
o"o4B i -0.07
0.066 i -o"ot
.o. o?8 I -o . l-(
.t.066 i -o.of
.0 i048 i -0..0(
.o"oJo i -o/o'.
.û.o12 i -c.o;
.€1.012 i -0.0:
-Q.Oz4 i -0.0/
-t.Qt+z' -0.0t
-0.03o i -o"o'
-t.ozl+ : -0.0'
-0.030, -0.0

)r " 1..70

-- TA-2

ÐEÏ'L.
(in.)

3r,L2,69 |

.064 i -2..292, -]'l-41
"Àgo I -r .866 i -2"80¿
,ióB i -r .t+5?i -2.?ç:
.éòo i -o .99Ói -r.44t-,â59 i -0.2.?6ì -0.44'l-.oéA i o.l2o ! G.l r¿

.zio l o.24oi t.?81

.jgei o,?.L6t, $'241

.l 20 ; 0"f50 I 0"15t

.084 : 6.114, o.09'

.oóo i o.o9o o.Obt

.o4Z I O.Q?2, G.04:
, .0ÌB i o .0541 0" o3
r.ol-2 I o"o54i 0"03
t,oi6i o.o7B; t"o5
r.054 I O ,0961 o" o?
t-"o341 o.Lozl o"oq
).048i O,rO2; o"o7
i',ouà | o. o9o . o. 06
) ,0241 o. 060 i o. o4
).012 I o,o42i Û'.01
).0 i o.o12i -o.oo
) . 006 | -o. 006 i -o. oo

:

--"*----T-*
4. ?o i 11. ? .?c itt+, B,?

---*---i-..--. 
-"" ..----^-"- ".'i'

BFr,.innnl"l D€Fr,'
in") i (in")J-._(*.)
5.s46' -Z"218l -Z.ot
1.gtv6i -5"b78\ -5"3,'1-3-,3?2" -) "?62-i 4.61.
2 "o6+': -2.046 i -1.9:
o.?2ci -o.BBBi -a,?';
o.o4Bi -O'21-ol -o"ct
0.306; o.060 o'l[
o,264i o.o84i O"l-Í
o .126 i o .0241 o.l:
ó.066 i -0. o4B i o. o
o 

" 
ozlt. i -o ' 1o8 ì -o" o'

o.006i -0.120i -O.0t
0.0 ; -9.11¿+l -0.0
o.olB -0 ,096 -o.o
0 

" 
048 ; -Q.060 , -C j0

o.o8/+' -o,0)6' -ooo
0.102 -0,O24, / -ÛoO
0 

" 
1c2 : -O .0l B -€1.0

o 
" 
o9o : -0. o3o i -o.o

0.078 -0.01{B;'i -O"0
0.054 -0.054, -o.o
o "024 

' -o .ol+7 i -Û.0
0 . o i -0 'ozl+i -0 .0

SLOPE INLJÏCATOR ]]ATÀ

NEFL.
(in"¡

L6 .rz ,69 l,z4;72 ' 69

DEFL.
(in")

-r"61
-1'lr
-0.9
-o.2
0.0
O,2
0.1
001
0.0
0.0
0.0
0.0
0.0
0.0
0.c
0"c
0.c
0,c
0.c
0.(
0.(

-0.(
6. 4,

"*F'(in

2.
T"
]-
0.
,0.
0.
0.
0.
^
0.
rì

\Jr
0,
0,
0,
0,
0
0
0
0
U

0

t

I lH

(i

-5
-5
-3
-¿
-o

DEFL.
(in. )

.368 ,

.116 ì

.970 I

.588 I

,r7+',
.048 i

.114 i

.090,
,Q42'
.0L2 '

,012. ;

.0r2 
".O}B I

.018 I

.006 ,

l.006 I

r.012
).012 ').0 ,

)"006'
). cr06 ;

).00ó I

).006i

4"70 
i

"*----*--t'
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-o .054
-0,048
-o .030
-0.024
-0 " 

018
-0 " 

018
-0,012
-c.o24
-0 " 

042
-c " 

048
-c ,048
-o.036
-0 " 

0l-8

.ol

.oi
"01.0ì
"0,
oV
.0
n0,
.0
"0,
. \J,

o0
.0;
.01
.0i
.0,

¡1.

," 0l

'tOl
.. oi
i" 0i
i" 0l
'.0i
).01

0"
0.,

0o
U"

0.
0.

0.
C.
00.
0.
0.
0.

'0.
'0.
.0.
'0.
-0.
-0.
-0.

1.
?

5,
7,
9,

11,
L)
l<
r7
10
¿I
23
25
27
2.9
?l

33
35
3?
39
41
4J
45
47
49

DEFL.
(in.)

12. ),7r
ÐEFL.
(in. )

i

ô arl ILc (Lt,

DEFL.
(in.)

24,

76
l0
34
J6
54
?0
lLL

1B

27
T8
08
00
05
ôo
o5
01
0
0
00
U.L

o2
f'\ ?

o3
0.À
nJt

nl'
¡ \Jr

,01
,01
,o:
,q:
.u_

11. 2.7I

.L

.I

.0
"0ar

.0

.0

.0
oC

"C
.C
.C
.(.
.c
.(
(

ro(
r"(
|.(
l.(
).(
).(
J ¡(

0
0
0
0
0
0
0
0
0
0
0
0
0

ll

0

0
0
0

DEFL.
(in.)

8l
^l/l-,1

Bi
2l-t
0l
4ì
Bi
(,1
Ql
'vl
'6i
tZt
r4i
¡(ii
,¿. 1

Rì'-i
i

)6
.2
>6

-ö
)5
}B
¿L

)+
+2
,^!

l8l
lr2 |'-'t
48i
621
201
84ì
0Bl

3B
26
o2
84
r60
¡t+2
)18
)

to6
\T2
)06
)Lö

)48
) 6¿rj4z
l.?,!

.(

.(

.(

2 n r.71.

t,î
a1-

^ln)'
.^l

t /.L

.1(

.Ii
"0[.1(
.1:
.1:
.Ii
.l(
.0{
.0(

ô/

.c)
ô

.01
¡U
.0

rì

o0
ô

r.0
r.0
1.0

On
0n
0.
n

La.

0.
t,r ¡

0,

.rl

'0,
'u,
'u,
.0

0

-ti
-0
-0

-0

DEFL"
(in")

^iBi
4"
0ì/
./l

.41 ¡

.B;

0ói
ÌBl
24
)o
"^TL?

4E
4B

I2
T2
)o
,?A
4"n

r1B

" 582i
"474i,j60l'
;270 \

,2281
.l.86 ì

" l-g8 i

.210 I

.210 i

"lg8l.1Bo ì

"L62'.128 i

.]20i

.090 
.

.078 
;

.0?2'

.066 ,

"060 i

r, 066 i

t.072 i

t.a??."
t .066 i

).048
J.O24:

ATE

P,Ti{

1.ol -0.
3.0i -0.
5.0i -0.
7"Ol -0;
9.0i -0,

11.01 -0,
13.0ì -0,
15.01 -0,
17.0i -0,
19 "01 -0 

'21"0i -0
23.Oi -o
25.0',, -0
2?,0t, -0
29.oi -0
31. Oi -o
3J.o:, -o
35.O1 -0

, j7.oi -o
i ,"9. oi _0
i 4I.oi -o
I +3. o, -o
I 45.0t -o
I LL7 .0', -0
i 49.0 -o

ft" )

-0

-0,0



g .7r i26 .Lo .7J.

D10SLOPE INDICATOR DATA 'é- TA-5 (contrd)

22,25. B"7I

DEFL.
]-ll .

17
It+
09
0l
00
03
01
\_,r r
0I
0l-
0l-
00
0
00
01
o2
o3
OT

^'l
01
01
o3
o3
UL
0l

+
6
6
6
6
I
B
B

B
6

6
B

4
6
I
?
2
B
0

4
2

13" 7.7r

o

a

a

a

a

o

a

o

¡
ô

a

!

a

0

o

o

o

o

a

a

3

e

3

I

0
0
0
0
0

0
0
0
0
U

0
0
0
U

0
0
0
0
\J

0
0
'tJ

0

DEFÏ,.
¿¡¡o

100
222
r62
1.32
096
108
130
r44
1.32
LO?
078
048
030
oLz
006
018
oL2.
006
00ó
OIB
o36
04?.
ü6
024

67L

0n
0o
0.
0r
\,,,o

0.
0.
0,
0"
0.
ñ

0o
0o
0"

0o
0o
0o
0o
0.
0.
0n
0.
0.
0o

DEFL.

irr.

-0,2+6
-0 "204
-0.150
-0.108
-0 .078
-0.036
-0,054
-,'0..078
-0 .090
-0.084
-0 " 

0ó6
-o " 

054
-o. oJ6

ino

ì

iio" 5.7I'25" 5.71

DEITL.
tr¡¡ o

090
036
0
o42
012
030
o42
o42
030
018
006
oo6
030
ú6
o42
036
024
006
012
o3o
042
ú6
02t+

o

a

a

a

a

I

c

o

a

c

I
o

a

a

a

a

a

o

a

a

a

a

o

o

3

0
0
0
0
0
0
0

0
n

0

0
0
0
0
0
0
0

0

64
)8'
421
18,
72,
30;
o6
24,
24:
18
nA'
T2,
3om
l+2 

,

42t
48
4?'.
3.O 

I

l-2"
06 

1

24t,
30,
24t
:-2i

¡NATE
I

-0 .024
-0 . 01-2
0,0
0 .006
0. 006
0.01-2

-0 .006
-0,024
-0.036
-0,o42
.-0.0J6
-0.012

U.
0.
0"
O.

0.
0r
0o
0"
Uo

0n
0r
n

0n
0.
0"
¿t

0.
0o
0n
0r
0"

¿l
1:
0,
0
0'
0
0r
U.

0
Q,

L,I

0
0
0
0
0
0
0
0
0
0

0

iunerHft
0
q
q
o
0
0
o
0
0
0
0
U

o
0i
0,

0'
oj
O;

0
0
0,
0;
0l
o,

o

a

I

a

a

o

a

a

a

a

a

c

a

e

a

a

0

a

t

o

ç

c

o

o

I

{

7
9

11
L3
r5
T7
lq
2T
¿J
25
2?
29
t1

33
35
37
39
+l_
+J
L+5

47
49

rt

DATE ?3 -lZ "?I'i22.12.?I l,

DEFL.

^ 
2,Q

-o "26
-0"18
-0.11
-0,07
-0.04
-0. 06
-0.09
-0. I0
-0"10
-0"09
-0.07
-0.06
-0. o5
-0"03
-t).u/-
-0.00
-0.00
-0"01
-u. (J-t

-0.05
-0.07
-0.07
-0. o6
-0.0J

+
0
4
aU
B
o
0
¿
2
0
2

L+

o
L

o
6
'¿

4
2
ö
0
A

DEPTH: DEFL.
ft" )i ( in"

r62
l-20
090
060
024
010
048
f I \¡J

o42
024
006
00ó
0 l-B
024
030
alJ,z
036
018
0
018
ot+2
054
048
030

0"
0n

0o
0n
0.
v̂o
0o
0"
0o
0o
r|

0n
0o
0.
0o
0o

0o
0.
0.
0.
0.
0.

0i
0l
0;
0r
0i
oi
0
0
0
0
0,
rì

0,
0
0
0,
0
0,
U.
0
0i
0'
0,
0i
0i

-Ì.
3"
5,
7n
9n

11"
t2J-) ar(LJO

L7"
l.9"
2L"
23.
25.
27.
29.
:ir.
33,
?<

J7.
)Y"
41"
43.
45.
47,
49,



APPENDIX 8.. DAILY PRECIPITATION

WINNIPEG AREA

DATA FOR THE



D..'¡T E

1

2

q,

\
5

6

t7

B

t0

LL

.¿

.)

.11

,
.6

,l

B

q

n

I¿

22

3

4

5

o

l7

B

9

0

JAN

I T"" | .o3

| "0, | ,*"

I t"" I nn

|:;;i'"
| "o, I r,"

| "o5 | *""

i "on I r:r"

I t"" I t*"

I r"" | .oh

lr'.f .or.

| "c¡ | Tr"

[ ''r | '*"
I t"" I '05

'35 | Tro

.r, I rr,
rt,. I Tr o

oo2 | .ot

".t I rro

'ot I

"tt* | . "ok
,io I "of 

i

,03 | .oll I

"ot l .ot 
l*'" I I*'" I I

"rol r"" I

:;;I',I*".1 
|

r'*" I I

r.B? I "1,, I

1B
ANNU/",L l,,l E TEOROLOG tC/rL StjÀtM/rRy

lor

HII{i¡IPEc, I.f l.l.tÏtOB 1t

FEB ¡áÂR

D.IILT pREcrprr/,r.ro¡l - :.959

Tro

Tl'o

"01
m*el ¡

'Ir o

"18

"10

"oj

ÂPR
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r*, | | o2?-

I,4AY

t"' | ,A2

| "r,

I "tu

| 'ot
t"" | "04
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I :l:
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*". I rro

I""
| 'tl
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I T¡'"

JUN iltl
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.ro I .04

"r? I

| 'on

"ol I .23
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35

::;l

auc

Tr,

SEP

"01
.V¿

1. ,05

.05

.A2

.CB

ocT

"a3
Tr.
.03

I xov

n2ll

.lr L

lr*

Tro

,L5

1't'.

DEC

Tro

4r-

Tro

"0'l
Tro

llr o

,T? 
O

,r, 
l

"r1 
|

I

I

I
I
I

.r.s I

t"" 
I
I

I

I

I

I

I
I

I
I

I

.os I
I
I

I

f.l
"r9l

I

I

'ot 
I

'*:11

.08

"06
o0 l.

I t*" 
II t'" 
Itl

"?_z | | "09

"uol "rlfìl .oo

| *""1 !"26
ll'16
ll.5Rtt

,'30 | .69 
|I ¡..rn Itl1.0ùl 3"n2i ty,ï3

.oL

Tr.

" 
0l+

lro
Tro

Tro

"a2
. tl6

Tt'o

Tro

Trt

"o5
o02

" 
ol+'

T!: o

¡¿ o

'J¡: u

.î -¡

o))

OI U

Tro
ñì.r

o ol!

1. "92
frQ

.oB

'2lJ-

'19
*03

.02

^n

.02

Tru

Itr o

rt o

T.r o

lro
Tro

Tro

eV/

1¡'o
fìl

1

"05 I

I

.0, 
I

Tr'" I

m-l¿¿ ol

.otl

" 
011

ñ,. I^""1
.ojl

'¡r, I

o oLl

Tt'o

01.

)9

Tt'o

"53
Tro

,38

"01
Tw

Tto

'03
Tro

,.1,J

2 "lîi)

lro
,L0

o0I

.oJ
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"73
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"Q2
,05
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Tro
^I 

O

o0L

Trn

I .07 ,j'l 3
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:l"B

/rNl'¿UÂL l,l E T E O lìOLOGI CÀL SU¡'1;'1^tlY
' 'nfor

I'JIi{iiII'lìG, l'Íl:llïTOl}íi "

1

3

/*
¡;

6

7

ú

10

" 
0'/

"l)j
.01-

'Fr

.0I
¡/\1

Tr"
LL c

"09
'll¡

"05
qrl

6é-l

1,>

.ltr.

,Trv

J-I ò

rlì ¡
.¡ a.

nU)

Tr.
(\tj

t-L a

rUO

rU)
ñ2

lro

"90

o \JÕ

ïu.
.02

.04.
ri1 r

Tr.

"06
Tr.
.o1

"01"

11

"2.2
rlr r.

.01
,Q2

D.¡ì,Tt,Y PP.l'lOTl-TT,ì.TI0ll', l-9?0'

Àf) R

. jLt

"60

1r.
,t.¡

11

I2
12

Llo

15
16

1'/
ls
10

¿v

2T

22

2lv

25

/o
2',1

2B

29

30

L{/*Y

"08
,oÌl

lro
'F-ll .

.02

"0i
.07

Tr.
Trn
fr'a

¡)-l
rl')

"U0
.09
Tr'.

oQl,,

'?-L
o0L
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"o5
.03

,29

"0-l-
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ô1

a <.)-

SEP

" 
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,)-'/
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.07

" 
1.1
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Tr,
'r ft

Tt'o

rFø¿¡ ú

.16
1r"
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,28

"0ó

"22
Tr"

" 
!.rlr

.os
Tr"

,3_1-
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oUo

,12
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¿f c
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..o1.

.88

"53
.15
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"o2
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1r,
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"L3
Tr"

Trn
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uAl',
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^t 

G
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"18
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.û,PPENDIX E: BANK IvIOVEMEI,,IT llAT/ï - ALIGNIviENT PINS



ÐAT iI

LINB 1

rz/,Lz/69
L3/L2/69
22/.r2./.69
9/. r/.70

27/ r/zotz/ 3/zo
r? /u/?oz?/ +/zot/ s/zo
?/ 5/zo2z/ 5/zo2r/ B/70

zz /,Yt/zot-t/ z/zttz/ z/Zt
t5/ l/ztzq/ z/zt

TACHE AVE. ALIGI\IVIENT PIN I]ATA

I

5o ,66# 5j .4?
56.70 53"47
56"67 53.43
56"67 53,55
56.63 53.63// /^)o. Ðu ).) " )L
56"65 5).52
56,66 5j,5r
56 "65 53 " 50
56,67
56,6? 53,46
¿/ /- l.r)o"o_L tJ,+L
56.66 53.48

56,68 5j.49
56,66 53,48
s6"6o 5i.49

PI I\ ET,EV¡,iIIOi\S
Z,

47,42
47.35
4? ¿42
47"40
+?.39
47,)r
4'7,38

4

41. B4
4L"87
41.83
41, Bl-
4t,?g
+L?7r!_i'

4r "734r. 59

T,TNE ?
12/12/69
n/rz/6e
zz/tz/6ç
s/ Ura

27/. r/zo
r2/ 3/zov/ 4/ro
27/ 4/zo
r/ 5/'70
?/5 /?o

ç> / < /"tn
ãT/ á'/io'
zr /n/zott/ z/Zt
tz/ z/Zv
15/ 3/7rz9/ l/zt

3r.2L
3r.23
3L,22
3l..ztt,
3r,23
3!,_?u

:::

3r.40

'LeZ. 2e3 38'4

+i .la
47,)8
47.35
47.24

ST,OPt I)l SllAi\iCä

E1

?4.4t 42,36 4L,45
64,o? 24,t) .42.33 4r.44

56.76 52,49
56 "8L 52 "47

52 "4456.76 52 "3956.72 52.3+
56.?o 52.26
56,73 5?,r7
56.?6 52.r?
56,77 52.r5
56.79 52,16
5,6,8Q 5,?..u.,?o

56,68 52,57
56.79 5r.50

47.L3 4L,45
+7 ,r3 Lpr,46
l+7 "Li 4l-.45

64,07
64.o9
64,og
64,o2
64,07
64,r1
64" ro
614..0 5
64.L9
64.t5
64,L2

24.22
2+,24
24.27
24,30

24.26
24,28
24,27
24.29
24.84
25 "04

49.28
+4, 5B
44.27
4+.25
44,23
+4,20u!:!,

I+4,f.2
U+ - l'7
t+4.'tz
43 "83

43,64
43.70
43,66

4rtc5

3r.49
3T"5I
3:ì . 5t

42,30
42.30
42,28
42.28

::r
42,3r
42 ç29
+? "25

4r.7 5 3r.62
4L,?9 jt.66
4L.?5 7r,62
4r,? 5 )t.62
4r,74 3r.59
t+r,7 5 ir "6o4t"79

T,TNtr ?
12/12/69
tl/tz/69
zz/tz/69
z/ Uro

2? / t./zo
L2/ 3/ro
17 / )+ /70
z?/ +/?ot/ 5/zo
7/ 5/?ozz/ 5/zo

zt./ B/70

4L.45
4L"44r---'

47.,51
4l-. 51

56,72 5L.L?
56 .72 5r,r3
56,72 5L,r3

25,49
60.Bz 25.49

57 ,57
57 "57
57 .5?
57 .54
57"50
57 .48
57 .52
57 .58
57 .52
57 ,54
57 ,58
57.t+2

2 )

l+r,67
4t,?4 jr"65

4I.69 3r.63+L.5j 3r.66
4r.?4 3r,66

0

60 ,90
6o.92
60.98
A1 ^<
61. o6
6r.o5
6)-.oj
6i,03
61" 14
6t.9 5
62.zu

52 "4).
52.38
52,)4
52.27
52,2)
52.L5
52.O5
52.08
52,02
52.03
52,04
5L.94

42,22 4

25.47
25.45
a5,44
25"43

4r,g+ 39,67
t+2. "oi ig "6?&1.98 39.63
t+r "96 39 ,62
4L,93 39,60
41 .91 jg , 59
41. BB 39,.63

4r.Ba 40.32
41"84 4O,35

4L.87 40.32
4I"87 l+o,)z
4r. go 40,32
4r.9 5

5i

,i.i, ::: -::
25 "42.25:4r 4t"96
25.j5 42.j6 ¿10.44
25.3L 42.36 4O .35

3L.2+
3]-.28
l-L.26
3L.29
3r.29
3r,34

:::

Jr I Qr)

62.)9 25.?B 42. j3 4o 
" 3o

27 ,55 4l-, t8 38. 83
5?.4o)2?, 56 4L,r5 JB.Bl

)g .57

57 .57
57 .59
57.69
57.90
57,93
57.95
57.93
57.99
58 "06

27"5O 4r,L7 38.81
27 .45 4r. 14 38 .79
2?.42 41.13 38.Bt

'!'_?' '!:1', :::
¿--

,i ,r, ,ri,tz



DATE

LINE 3
z7 /rr/70tt/ z/Zt_
tz/ z/Zt
15/ 3/7L29/ 3/?r

ÎACHE AVE. ALIGNIVÍEI\T PIN D.¿\TA (contrd)

( nnn* l.¡ì Iu/

I

LINE 4

57,53 5I.?2 4L"52 )9.53 3r.35

L2/12/69
D/L?/69
22/r2/69
e/ t/zo

2? / r/?otz/ 3/zor?/ 4/?o
z?/ 4/zot/ 5/zo

? / 5/ro?z/ 5/ro2r/ B/?o
zZ /tt/Zott/ z/Zt
tz/ z/zt't5/ l/zt.z9/ l/zt

PIN E],EVATION
2

57 .43 5O.8) 4l-. 38 39 .44 3t.48
57,+3 50"?B 4l.,jg 39.+6 3t,56
57 .44 50 "77 4t 

" 
t+2 39 .44 3t , 53

57.69
57 .69
5?.69
57,66
57.6t+
5? .6t
57 ,66
57 ,67
57.67
57,69
57,73
57 .55
57,67

ll

52¿98
52.95
52,9r
52.85
52.82

?

5

40.91
40"BB
40. B2
40.80
4o.76
40.?4
40,7L

:::

Lez 2e)

52,63
52.68
5?.62
52.6)
52.65
)¿, ))
5r,90

Ê,

Sl,üPli DIS'1.'¡itlCb

40,Q2
40.03
39.96
39,95
39.9+
39,92
39.99

:::

59.'42
59 "gg

t,TNþJ 5
L2/12/69
tl/tz/69
22^2/6ç
e/ L/70

,2? / t/?o'rz/ 3/zo
v / 4/?o
2?/ 4/Zor/ 5/zo
?/ 5/70

22/ 5/zo
2L/ B/?o
zZ /tt /?ott/ z/Tt
tz/ z/zt
L5/ 3 /?rzg/ t/zt

5? .59 5L,55 40 
" 
rB )g ,Bo 32.?6

5? .5? 5r,49 40. 1? 39 .8r )2.8r
57 ,60 51.48 4o,1g 39 .83 32.82

32,57
32.56
32"52
3?,54
32,53

'1-1'

26,93
¿o. )ô

)

ó0.09 26"53

&,4

tto.69 39.9j ---
4o,32 39.89 32,7L

57,20
57,20
5'7,20
57.19

;57 ¿'1'6
'5? "12'
57 "1657.2o
57,19
57.2L
57.24
57,o7
57.r4

29.40 40.30 37,47
53.9+ 29 .39 40.2t+ jT ,39

4r.jj J9"oo
4L.35 39,0I

4L3) 39. Ol

4e,

54.07
54,09
54.16
54.28
54,27
54,27
54.24
54,24
54"42
55,+2
55,88

54 "Lg
54,L6
54"L3
54,09
5t+. o 5

53,88
53.89
53.85
53. BB
53.86
53,7L
53,II

29.35
29.32
29.32
,9_:?'

29,23
29,r7
28.97

+3.79
43 "?643.7o
43 "6843.64
'L+j,58
43,52

:::

I+3,55
43.49
I+j.o4

40,25
Lto "2240,28

| 
__:'.

40.31
40,45
40,l+9

41.89
4r.26
4r,73
41. 84
47:"82
4L.79

'!:i'
:::

4r.82
41. B0

rå Datum 700.00

37,45
37',47
37-:!e

:::

37 .5r
37 ,55

37 .50

57,04 52.82 t+2.8o
57 .O4 52.?B 42.77
57 "O7 52.79 42 "79

32.22
32.2I
32.L7
32.13
32.'r5
?, 1<

32.,22

32.2O
32.23
32.25

55 "9o 2Pt.)l
55.90 28.96 40

30 .02 +L.24 35,7 5
50 "65 30.03 4I.21, 35"?5

50,82
50.76
50.82
50,95
50 "93
50 "92
50.92
50. BB'
50.98
5,r,7o
52.04

4L.7 5
4r,76
41.80

4g

29,98
29.97
29.94
?9.95

:::

90.03
29,97
30.09
29,,9I

4t,2J
4J.,26
4r,zB
,---,

4L.29
4L,51
+L.56

)5.78
35.74
32:?-u

:::

35.78
35.76

52.O 2 29.86 41 55 i6 75
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