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SUMMARY

The study of previous inVestigatiéns ofvriverbank
stability in the Winnipeg area was extended using up-to-date
’field_instfumentation data. A ré&iew of earlier’investiga-
tions and approaches; and comparisons of slope stability
'analysesbresults,with prévious investigations were included.
In the present study; reéidﬁal Strength parameters were used
in effective stress analyses; using the simplified Bishop's
Method of Slices for a circular slip surface and a modified
rigorous Janbu solution for a non-circular failure surface.
fbf both methods; the pdrewater'pressure distributions were
incorporated in a computer program as piezometric levels.,
’Improved results of factorsiof safety computations were
obtained gnd values of»cémputed safety factors for the given
= porewéter pfessure conditions were more reasonable.,

A preliminary stu&y on riverbank movement baséd‘on
slope indicatof data obtained from the sites was also made.
Observafions of the slope movement data indicated that the
rate of slope movement varied according to the groundwater

'qonditions and reflected the state of riverbank stability.
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A REVIEW STUDY OF RIVER BANK STABILITY AND - -

 SLOPE MOVEMENTS IN THE WINNIPEG AREA

CHAPTER 1

- | - INTRODUCT IOW

~ The flooding hazard bflthe Red River and the slope
stability of its banks in Metropolitan Winnipeg area have
beeﬁ of major concern to urban development and construction
in the Winnipeg area. The flooding hazard has beeﬁ alleviated
in recent yearsbby the constfuction.and operation of the Red
River Floodway; which diverts the flood waters and greatly |
'reduceé the peak flood level. Nevertheless; the existence
of.the unstable‘slopes remains and renders river bank
_construction difficult or'impossibleo

It haé been realized that natural slopes represent the
ultimate long term eduilibrium state of a profile formed'by.
geological process (BISHOP and BJERRUMl)° A characteristic .
féature'of a natural slope is that £he poreﬁpreséures show‘
values corresponding to certain groundwater conditions; aﬁd
that changes in pore.pressures are affected by both extreme and
relatively small seasonal variations (BJERRUM and KJAERNSLIZ). L
1.1 SCOPE OF STUDY. |

The field instrumentations installed by the Civil

| Engineering Departmernit, University of Manitoba, and the




Manitoba Water Control and Conéervation Branch; at two selected
rivefbank éites Weré used for moniﬁoring,tﬁe Forewater pressure
and‘rivex:bank»moveménts° The instrumehtations have provided
neceSsary data for:slope stability analyses and a good indica-
tion of the étability undér field conditions. 1In the study;
“knowledge of the actual porewater pressure distribution made
it possible to use the effective stress approach. |

“The porewater pressure data collected in this study
durihg three consecutive yeafs from June lééé to»Novembef 1972;
were utilizéd‘in determining the groundwater regimes of the
river banks. The location and _configuration of existing
faiiure surfaceé were estimated from the slope indicator data.
The rgte-of slope moVement was also measured.

The Janbu and.Bishop's simpiified methods were employed

in the slope stability analyses for these riverbanks.

1.2 SOIL CONDITIONS.

The geological origin and the soil ﬁrofile in the Metro-
politan Winniﬁeg area and common to the Red River Valley; have
been deécribed in detail in previous papers (MACDONALD ;‘
RIDDEL4; BARACOSS)O The soil profile consists of topsoil;
clayey silt; tan,silt;‘clay; and "hardpan". The clay stratum;
consiéts predominantly of highly-plastic; laéustring laminated
clay deposits of the glaciallLake Agassiz. A further breakdown

of the clay deposits’revealé.the occurrence of three types of



clay layers in seduence of,increasing‘depth; namely; theh-
5brownAclay;'"mixed" clay; and thebgrey clay. .
© Asix to'twelve-inch4layer of highly organic topsoil
lroverlies the'clay—silt layer~which’ranges from several inches
. to several feet in thicknesso A thin layer of tan silt lies
~between the clay-silt layer and the clay stratumdv The tan
~siltfand clayey silt layers are frost susceptible and have
fbeen subjected to weathering. ”The shallow deposits have been
Fpreconsolidated by &xnccmnon ; which has also produced
A»flssures. Occa81onally, soil preccnsolidated by desiccation
<may be‘fonnd to a depth of about.thirty feet below ground
hsurface,_mfy._l
| lThe brown clay layer; 1ocally.known as "chocolate"'clay;
‘musually has easily discernible laminations except in the
*Winnipeg area where it is'thinly laminated (ELSONG). QUIGLEY7
lvreported that the percentage of clay size particles decreased
from 80% to 60% w1th depth and contained about 80% monmoril-
lonite-illite within the clay-31ze fraction. BARACOS and
BOZOZUI\8 estlmated that the clay fraction con51sts of approx1-
"mately BOA monmorillonite, and the remainder is practically
all illite.
The intermediate "mixed" layer of mottled bronn and
.grey silty clay’forms*a transition zone between the brown and

grey clays and is not always encountered.

The bottom layer of softer and siltier "grey" clay is



1eésvlayered; andvis»hormaily underlain by a shallow layer
_of soft non-cemented till material. Pockets of silt; and
pebblesucaﬁ’sométimes‘be found in this iayer.

The uncemented £ill méﬁerial sometimes mi#es with the
overlying few feet of grey ciay; aﬁd has an unconfined com-
pressive strength less than 1000"1bs per sq ft.‘ » :

| The dense till layer ;onsisting of silt;'coarse sand,
and pebbles; underlies the grey clay or the uncemeﬁted till
ﬁaterial. This layer is hard and cemented; and is commonly
known as-'hardpan'. Its thickness vafies from several feet
to a maximumvof;sixteep'feet and it is underlaiﬁ by limestone
bedrock. Occasibnaily; the EIii 1ayer‘may be absent and the

grey glacial clay is underlain by bedrock. -



CHAPTER 2 - -

. LONG TERM STABILITY OF RIVERBANKS

*

2.1 PREVIOUS TNVESTIGATIONS..

Various stablllty analyses have been made by prev1ous
investigators (JANZEN , VAN CAUWENBERGhElO) of the riverbanks
under study in order to assess a reallstlc and reliable analy-
tical method;“ The uncertainties arising from several unknown
factors rendered some earller approaches less successful. The
problems have been gradually solved w1th the avallablllty of
~ the current data related to the uncertalntles, namely, the |
actual porewater pressure d1str1but10n, shear strength para-

, meters and the sllp'surface conflguratlons.

The common method of ana1y31s of slopes used to be the

'l total stress (¢ = 0) method where the avallable shearlng
strength was assumed equal to one-half the unconflned com-
presslve-strength. SUTHERLAND11 reported that the calculated
factor of safety was substantlally ‘over-estimated when applying

‘the undralned strength to 'sboth~the .short termand:’ the. long term

conditions. BARACOS5 and MISHTAK.l2 reported that for falled
slopes in Winnipeg area, the factors of safety usually had
values greater than unlty, using the total stress analy31s.
Through a rational and sem1 emplrlcal approach both - BARACOS5
‘and SUTFERLAND11 indicated that a reduced value of the undrained

: shearlng strength based on laboratory testing had to be adopted

5
to give reliable factors of'safetyo BARACOS suggested the



use of a lower shearihg strength of about 300 to SdO‘lbs,per
sq ft for estimated slip surface passing through the old
failure zohe. ' .

Effective stress analy51s is an alternatlve method for
, checking the riverbank stability prov1ded that the proper
' choice of shear strength parameters and the groundwater
conditiohs have been ihcorporated in the analysis., SUTHERLANDll
found that.in.applying effective stress analysis to short term
condition of slopes in Winnipeg; the factors of safety were
Aalso over-estimated. The present riverbank sites have been
studied by JANZEN? and VAN CA.UWENBERGHE10 using porewater
'pressure'and sldpe movement datavohtained from field ihstru-.
mentation. Direct shear tests of Winnipeg clays were conducted
by SUTHERLAND13, MUIR14, and JANZEN in assessing both peak
and residual shear strength parameters. Residual strength
parameters were used to account for the visible and detectable
old slip scars. »In‘his study, JANZEN9 developed a simplified
analy31s u31ng a three block system and used the piezometric
readings for water force calculations. VAN CAUWENBERGHElO
assumed a phreatic surface for the critical condition and
incorporatedvthe porewater pressure calculation in the conven-
tional and rigorous methods of analysiso Slip surface con-
figurations were determined from points of known slip esta-
blished with the.slope indicators. In both Janzen's and

Van Cauwenberghe's investigations, computer programs developed
g g p procg P



by the investigators facllitated computations in the analysis.
Althoughtthe-factors:of:safetybﬁere,slightly over-estimated

and in excess of unlty for actual failure, the results obtained
- by these methods of analyses can be used as good approx1mat10ns
for actual field conditions, as they were based on instrumenta-

“tion data° The discrepancieslin results'may be attributed to

-the 1nadequate data collected over a short period of tlwe.
2.2 LIMITATIONS OF PREVIOUS APFROACHES.

When applying various classical methods of analysis to
‘river banks in the Winnipeg-area; the results were sometimes
) miSleading;'showing relatively high factors of safety. The
methods adopted were ba51cally C1rcu1ar arc methods, such as
Taylor's frlctlon c1rcle method and methods of sllces, wh:ch
were used in conJunctlon with both total stress analysis and
_ effectiye stress analysis.

(A) TOTAL STRESS ANALYSIS.

In applylng th:s approach the undralned strength
parameters for the ex1st1ng field condltlons should be deter-
mlned by laboratory testlng. The ¢ O analy31s is based on
the assumptlon that the so:l betaves as a perfectlv coheelve
material (TAYLORlS) ThlS concept is va11d accordlng to
SKEMPTON16 for fully saturated clays, for whlch the angle of

shearing resistance is zero when there is no water content

change under the applied stress. However, partlally saturated



clays do not exhibit an angle of shearing resistance equal to
zero When éested under coﬁditi6n~of no overall water content
change..’§keﬁpton also pointed out that the no water content
Chanée was only true for the immediate end-of-construétion
stage; and in time; the;shear strength of the clay woﬁld
progressively alter from that used"in a total stress analysis.
‘For natural slopes, the generél téndéncy may be a reduction‘
A_in'Strength.' In general, the ¢_= 0 analysis will not lead to
a correct prediction of the acfual_shear surfaCe.  The condi-
tions of no drainage are seldom satisfiéd in natural siopes.

- Usualiy the stability aﬁalysis requires différent étrength
parameters than those obtained from laboratory tests, in order
to obtain a safety factor of unity for a failed slope.

- The intfoduction of a reduced value of the undrained
strength, as recommended by BA_RA.COS5 and SUTHERLANﬁll, may
give conservative results or may over-estimate the factof of
- safety because the assumption of the reduced strength value
is chosen on the basis of correlation to past failures., If
no reducedfstréhgth was assumed, the factors of safety would
be unreasonably high in‘stiff clay slopés, and the stability
would teﬁd to be under-estimated in soft clay slopes (BJERRUM
and KJAERNSLIZ)o The apparent discrepancy between the field
behaviour of natural slopes‘and the anaiytical results based
on shear strength obtained by undfained triaxial tests, in

general, has indicated the inappropriateness of the total

stréss analysis for long~-term stability as documented by



. ‘ 2
BJERRUM. and KJAERNSLI . - -

(B) Ef‘FEC:IIVE; STRESS ANALYSIS.

| For the effective stress analysis; knowledge of pore-
water pressure distribution along the assumed failure plane
is the key factor ih assessing a reliable factor of safety.
In many practical'engineering.situations, in-situ effective
stress: is calculated by assuming hydrostatic conditions below
‘the water table. This is not the case when there is seepage
within the soil mass; suéh és in natural slopes. Underestima-
‘ting the porewater pressure will yield a factor of safety on
the unsafe side. As the porewater pressure is an independent
variable in natural slopes (PECK17), a preferred method of
collecting data on the actuél porewater pressure distribution
'is'by installing piezometers.

Choice of shear strength parameters is another deter-~
mining factor in the analysis. The valués of the shear strength
parameters may fall within the limits defined by the peak shear
strength and the residual or ultimate shear strength. The maxi-
~‘mum shear strength developed during the process of deformation
is called the peak shear strength. At large diéplacements, the
- minimum constant value retained by the soil is called the resi-
duéllshear strength. The difference betweenhfhe peak and resi-
dual values of shear strength for over-consolidated clays is
usually quite significant, whereas, the peak and residual shear

'strengths for normally-consolidated-clayé are essentially the



10
same‘(Figure 1). _ o | | - -

‘ - For peak strength values, the parameters can be evaluated
by means ‘of triaxial compress&on or dlrect shear tests on undis-
‘turbed soil samples. Direct shear tests should be used to deter-
| mine the residual strength parameters because these tests permit
the large strains required. To adopt peak or residual strength
pafameters for analysis depends on whether loss of strength
with time has occurred’on.the slope or not. Based on extensive
field studles and 1aboratory test results, SKEMPTOV18 gave an
account of the reductlon of soil strength to re51dual value for
the long-term case and proposed several possibilites causing

this phenomenon.‘ The peak and residual strength envelopes based

on drained direct shear tests are shown in Figure 2.
2.3 STABILITY OF NATURAL SLOPES.

It is often extremely difficult to datermine how much
shear strength is actually available within the slope whether
total stress or effective stress ana1y51s is used.,

- It was observed by PECK.l7 that for the undrained analy-
sis; an empirical reduction faetor related to the liquidity
ihdex could be applied to the unconfined compressive strength
to be used in the stability analysis. The feduction'factor is

applied as follows (notations defined after Table 2):

. I ' h
Cu‘(reduced)'= Cu X Iﬁ% X Reduction Ratio

In which, Reduction Factor = 1, < Reduction Ratio
. 100 '
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__-Over-consolidated clay

- Stress.

] ' _Normally-consolidated clay

|

Residual Strength

l

Peak Strength

Displacement

Figure 1 Stress-Strain Curves for Cohesive Soils

Peak Shear Strength
Envelop

Residual Shear Strength
Envelop

Shear Stress

c'f ' Normal Stress
R : . -~

Fiqure 2 Mohr-Coulomb Shear Strength Envelopes Showing
" Peak and Residual Conditions :
18
-(After SKEMPTON }



TABLE 1

PROPERTIES OF GREATER WINNIPEG GLACIAL LAKE CLAYS

(AFTER BARACOS?)

Brown "Chocolate"

Mixed Brown and

Clay Grey Clay
Gy G
o wm O 0
. I . . . L)
5 2 5 g8 B L 5 S0
% < = = = < = = E
Depth to top of 16 1 2 147 28 20 6 176
stratum - ft.
| Depth to bottom of L0 25 11 147 35 25 g 176
' stratum»-’ft.”
Moisture Contéht - % . 57 L8 27 76 63 56 31 57
Dry Density - p.s.f. =~ 99 77 64 73 87 69 53 51
Moist Density -~ p.c.f. 125 109 95 83 114 108 o8 51
Saturation - % 100 97 86 73 100 98 89 50
Unconfined Compression 4750 2054 865 87 3790 2169 112 49
Strength - pes.t. _ A
Plastic Limit O 30 1k 36 36 30 26 9
[iguid Limit 117 89 37 36 110 93 70 9
Plasticity Index 88 59 23 36 75 63 51 9

Grey "Blue" Clay

of

€3]

. . . Kh]

Koo 5 33

= <z = = B
35 25 15 154
62 45 15 154
_ 61 LML 27 Lk
102 79 63 39
130 112 101 42
100 98 89 32
3570 2182 1188 44
32 25 16 17
95 76 37 17
68 50 20 17

Al




TABLE 2

REDUCTION FACTORS FOR UNCONFINED COMPRESSIVE STRENGTH

BASED ON LIQUIDITY INDEX TO PERMIT STABILITY ANALYSIS

(WINNIPEG CLAYS)

BROWN MIXED 3ROWN AND | GREY "BLUE"
"CHOCOLATE™ CLAY GREY CLAY CLAY
Reduction Ratio - \ 7
for Cu'= 500 1ib; 1.60 1.12 1.46
: per sq ft ' ,
Us :
o Average C |
1o u i : . 2. L]
g (pos.f.) 1027 | 1085 ¢O9¥
3 _ |
g Average I, (%) 30.5 41.3 31.4
3 Reducti
1ction
F‘E Factor 0.488 0.461 0. [4,5'8
"Reduction Ratio . ' ‘ .
o | for C_ = 500 1b 0.773 0.578 0.611
3 per Ysq ft '
0 Tt . : - cec : %
Q Hiohdat 0 S L . i
:% 2%.2?5‘)u 2285 15Y5 L/85. i
!
5 Highest I. 28, 6. .8 z
:: S L (%) 3 3 5 45 ;
9]
@ | Highest Reduc~ f
R | tion Faetedr 0.262 0.26! 0.280 }
In which,
C, = Undrained Shear Strength, 1b per sq ft
W, - W
I = Liquidity Index = ———-=2 , in percentage
L ' W, - W
1 P
where,
w = Natural water.coﬁtent (average moisture content as
0 shown in Table 1) :
wy = Liquid Limit (Average value as shown in Table 1)
w = Pléstic Limit (Average valug as shown in Table 1)

}._I

AS)



14

5
Based on the data compiled by BARAFOS (Table 1), the above

emp1r1cal relatlon may be dlfflcult to apply to the Winnipeg
clays ow1ng to the large range of values of unconfined com-
pfessive strength of the Winﬁipeg elays. Based on a reduced
undrained streﬁgth of 500 1b per sq ft, which yields a safety
factor of unity, the corresponding reduction factors are given
in Table 2 for the clays, propertles of which are listed in

- Table 1. Reduction factors were computed based on the average

: undralned strengths and on the maximum undrained strengths.

The appllcatlon of these reduction ratios would only be war-
ranted for clays the.strength of\yhlch fell between the maximum
and minimum glven in Table 1. If the field strengths of the
3011 samples for Winnipeg clay were significantly below the
average value listed in Table 1, it would be preferable to use
_the recommended reduced undrained strength of 400 lb per sq ft
rather than applyingtthenreﬂuctiOn factors.

| Taking into account the fact that the mejor portion of
failure surfaces of slopes in Winnipeg pass through the rela-
tively deep-seated grey clay layer, the average range of
strengths for the entire assumed failure surface could be taken
es that range of values for the grey clay layer with little erfror_°
:This assumption is justified because the average'yelues of the
reduction factors,for that small portion 0fvfei1ﬁte sqrface
passing through_the upper brown clay and mixed elay layers are

approximately the same as the average range for grey clay layer.
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However, the‘above pfoposed range of reduction factors is
dependent on the liquidity index, which decreases significantiy
with iﬁcreasing stiffness of the soil, and extensive tests have
to be carried out to confirm an empirical relationship and
update the data listed in Table 1.

BISHOPL?

proposed that the difference between field
strength and that of small samples was attributed partly to the
difference in stress conditions between laboratory testing and
in nature; partly to the difference in the time to failure; and
partly to the anisotropy of the materials. However, the largest
difference was considered to be a result of the small size of
the samples. Other findings include the series of‘test results
carried out by R. J. Conlon on the glacial lake clays.from
Winnipeg, which were reviewed by PECK17 in his Terzaghi lecture.
The phenomenon of the dependence of strain at peak strength on
the normal pressure was associated with the nature of pros-
gressive failure.

Even in the effective stress analysis, there is no
satisfactory way of predicting the average strength that could

be mobilized between the limiting values of the peak strength

and the residual strength. Failure in natural slopes is pro-

gressive in nature, and the strength that could be developed

in the sliding mass could not be as high as the peek value

alohg the entire surface of sliding, nor would the strength be
* 18
as low as the residual value (SKEMPTON ). However, Skempton
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_pointed'eut thet the residual valﬁe had proved to give a
correct estimate'of the factor of safety in some instances;
such es ﬁeathered clayhsiopes with fissures or joints, .If a
failure has alteady occurred,}any subsequent movements on the
e#isting slip surface will be controlled by the residual
strength, no matter what type of. clay is in?olved (SKEMPTON18).
The complexity of the veriation of the soil strength-in
natural slopes has not yet been fully understood.

On the other hand, variation of'porewater pressure
‘distribution could be measured by»instailing instrumentation to
evaluete the long term equilibriﬁm of the natural slopes. Pre-
vious investigations (JANZEN9 and VAN CAUWENBERGHEIO) of the
rlverbank sites, and the present study of the plezometrlc rea--
dings haveJindicated the groundwater flow pattern in Winnipeg
river banks._ These patterns varied with time of the year, and

10 -
‘they have the following characteristics (VAN CAUWENBERGHE ):

(a) During drawdown periods and winter, the major component of

-the hydraulic gradient within the riverbank was downward.
(b) During spriné inundation and summer, the major seepage
- flow -was outwafd7and‘dOanard ffom the river into the
glacial till layer. |
It can be seen that for natural slopes in Winnipeg, the
fluctuating groundwater and river conditions affect the pore-
water pressure distribution, indicating that the distribution

never corresponds to hydrostatic condition or steady seepage



- cases. This is in contrast to many cases found in natural

slopes where the porewater pressures would have already
reached an equilibrium pattern which-can be ascertained from

piezometer measurements in the field.

17
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CHAPTER 3 | -
FIELD INSTRUMENTAT ION

3.1 PIEZOMETERS.

‘The St. Vital site on the eesf bank of the Red River,
~is situated in St. Vital, a suburb of the City of Winnipeg.
The site had instrumeﬁtation.monitoring porewater pressure

| measurements for ten years dating back to 1962. Five Casé-
grande type porous tube piezometers, installed byuthe Manitoba
Water Resources Branch, were placed at different ievels in two
vboreholes (Flgure 6) Several piezometers were pleced at
various depths in one borehole for space and economy reasons,
using a-sllghtly larger borehole diameter. Unfortunately,
these biezometers werevplaeed too far away from the edge of
the river to be of much value in the stabiiity analysis.

For the etudy of the St. Vital riverbank site by VAN
CAUWENBERGHEIO, eight more pneumatic piezometers were installed.
in 1968. At the bank at Tache Avenee site (St. Boniface area
in Wlnnlpeg) studied by JANZENg, ten pneumatic type plezometers
were installed. The pneumatic piezometers were installed
because of their advantages over. the Casagrande "open" type
piezometers as will be presented leter. In order to appreciate

these advantages, a brief description of the structures of

these two types of piezometers is given below,

: , 20
The Casagrande_type porous tube piezometer (HANNA )
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cohsists of.a porous element,‘qsually referred to as a tip or
’well»poiné, which is connected to a riser‘pipe and is pla;ed in
- a layer of sand or gravel fllter to make 1t porous. The depth
.to water in the plezometer is determlned by an electrlcal probe.

. The. well ~point equlpped pneumatic type Thorpiezo piezo-

meters (GRIFthZl) employed at both sites uses air under
pressure in a hydraullc balance ‘system to prov1de porewaser.
pressure readings with negllglble time lag. The main body of
'Jthe unit is constructed of acrylic plastie or'polythelene. The
mainzworking components consist'of a rolling diaphragm of neo-
prene and fibreglass and springs of silicon bronze'With baked
teflon coating; attached to a teflon disc check or valve. A
neoprene 6Fring,is used for the valve seat. The piezometer unit
is corrosion-proof as no exposed metal of any type is_used;
neither in the instrument nor in any of the external fittings.
’Nylon tubings‘are,used for the lines connecting the emhedded
instrument to thevground surface; where the tube leads fitted
with connectors may be conveniently coiled and protected in a
oentral metering station. A schematic diagram of the piezo-
meter tip i1s shown in Figure 3;

The portable control box (shown in Figure 4} of briefease
size manufactured by the Terra Tec Company; is made of light
weight aluminium. It caontains an air pressure tahk and two
pressure gaugeso The pressuxe tank in the box is designed to

'accomodate 2000 1bs per sq 1n.; thus ellmlnatlng the need for

'frequent replenishing of the air supply. The two leads of the

°
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piezometer at the réad-out'terminal ére easily connécted tq_the
contfol bog by qﬁick cbuplings;'and the pressurized air froﬁ the
control ﬁnité activateé the hydraulic balénce'system; For this
study; helium was used as a drying agent to prevent freezing of
moisture in the pneﬁmatic lines.

The operating procedures ofﬂtherhydraulic balance system
have been described in detailé in the manufacturer's»instruction
sheet and by previous investigators (JANZEN9 and VAN CAUWEN&-T
BERGHE102; and are not repeated here. 3 -

 The advantages of the Casagrande type of piezometer are

cofrosion-proof construction with non-metallic ceramic tip; and
its "open" system which does not require de-airing. .Iﬁ has the
following disadvantages: |

1. MRelatively 16nger equalization time is required to

'respond.to porewatér préésure changes. |

2. The piezometer is affecﬁed by inundation.

3.' The time feéuired fof instailation.

The adVantages of Thorpiezo pneumatic piezometer are ease
of installa;ioﬁ;‘anVeniengemof~obtainingjreadings;,and‘minimal
maintenance cost.w It is supeiiqr to the Casagrande "open'' type
piezometers in perforﬁance because of the following features
}('GRIFFINZl) : |
1. It respondshrapidly to porewater‘pressﬁre fluctuations.

- “For all practicél purposes;,it is a negligible time lag

instrument with nondisplacement of water. (Only in
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extremely impervious soils would the minute-displace-
' ment of water canse any appréciable time lag in deve?
1op1ng the actual porewater pressure readlng)

2. It is less susceptlble to malfunctlon due to freezing
and floodlng, the air- actuated system can withstand the
severe winter conditlon, and readlngs for all 11nes can
be taken at a central read-out terminal which is situa-
ted far up the slope and not be interfered with by

flooding.

‘3,2 SLOPE INDICATORS.

Slope 1nd1cators; also known as 1nc11nometers; are sen31-
tlve instruments for measurlng horlzontal ground movements. |
Seven slope indicator tubes, provided by the Civil Engineering
:Department of the Unlver31ty of Manltoba, have been 1nstalled at
the two rlverbank 31tes by the Manltoba Water Resources Branch
since 19690 The slot-tube type Wilson slope indicators were
manufactured by the Slope Indicator Comnany of Seattle. For each
arrangement of the slope 1nd1cator installation a grooved aluminum
ca31ng with outs1de dlameter of 3 18 1nches was anchored to the
firm glaC1al tlll layer, and observatlons were made by lowering
the slope indicator down the ca31ng-w1th a water-proof_cable con-~
'stalning wires’and,a stranded steel cable to ‘support the probe.

The slope indicator enploys a Wheatstone bridge type
.probe consisting of an electrically activated pendulum; of

which the tip makes contact with a special precision-wound



resistance coil, subdividing it into two resistances that.form
one half of the bridge circuit. The othef half‘of the bridge
is contained in a portable control ‘box. The instrument
(Figure 5) is approx1mately elghteen inches long and two
inches in diameter. It Supports two pairs of spring-mounted
wheels which travel in’the plane of the pendulum along four
equally spaced longitudinal grooves, running vertically inside
the guide casing or slot tube. In taking observations from
the ground, the precision potentiometer contained in the
control box indicates readings which are directly proportional
to the component of the inclination 1n the plane of the
pendulum. Readlngs of lateral slope movements are taken in
tmo perpendicular directions, from which the two component s

of -horizontal movement can be determined. The resultant
inclination can be calculated by combining these two components.
This arrangement of slot tube and slope indicator satiefies
the requlrements in obtaining accurate observations (TERZAGHI

and PECKLt) such that .the slots permit_reliable observations of

the instrument in successive Surveys with the same orientation
and at the same point in the casing.

The casings were installed vertically in boreholes
drilled to the firm layer for proper seating. The v01d left
between the hole and casing was backfilled by applying bentonite
mud around the casing. As the bottom of the casing has been
“keyed into the dense till layer, the base is virtually free

~from translation and a reference point of zero movement can be -

assumed.
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CHAPTER 4
INSTRUMENTATION PERFORMANCE AND OBSERVATIONS
4.1 RIVERBANK CONDITIONS AND GEOHYDROLOGY.

Tﬂe soil profiles as-desgribed_in the first chapter are
fairly éonsistént Withﬁthe general soil conditions in the‘
 Winnipeg éreao-»The soil profile Oflthe ri&erbanks; sitﬁated:on
‘the concave edges of curvesg consists of a shallow layer of
topsoil; modified by vegetation and weathering; silty clay; and
ﬂ glacio-lacustrine clay underlain by.”hardpan" or bedrock. The
varved glacial lake clays (usually with fewer laminations than
the glacio-lacustrine clays-foﬁﬁawin other parts of the Red
River Vélley‘outside Winnipeg -- ELSONG); are overlain by pre-
dominantly silty ‘clay.. Disturbance.of the glaciallclayS‘may-

f have been caused to somé“extent by previous slides; and by
.creep which is stillitakingvplace. The stability of the river
"banks is lessened By ﬁhe constant scouring at the toe of the
“banks by'rivervcurrents and by drawdown,' Riverbank movement
aiong the old slidés due to decrease of effective stress and
reduction of shear strength caused by infiltration of raihfall
also contributed to the instability.

-Botﬁ the St, Vital and‘St. Boniface sites are situated
on the concave side'of:thé Red River. The former site has a
gentle slope with an overeall slope angle of about six degrees;

kqnd the latter site has an over-all slope angle of about twelve
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_ 9 - :
degrees (JANZEN ). These riverbank sites had failed previously
and were later partly,stabilized. The profile of the riverbank
sites; the ibgs of boreholes and the locétions of the field
instrumentations are shoﬁn in Figﬁres 6;‘7; and 8. It is noted
that on the St. Vital bank; a.thin layer of a mére recent siltier
'deposit'of,two.to-eight feet-govers.thewglacialmlaminatedwclays.'
Free water is found at times in the tension érécks or fissures on
the'site;.resulting from percolation of surface water inté the.
upper silf‘layer° The amount of free water is generally small
and prolonged dry weather results in its disappearance (BARACOSS).

The geohydrology of metropolitan Winnipeg area was well
documented by RENDER23. »Althéggﬂ his investigation did not
indicate the direct connection of the ﬁpper Carbonate~a§uifer
in thé limestone bedrock with the glaciél till; forming a
céntinuous supply of groundwate?; some of his findings provided
-good gorrelatibn with the piezametric levels of the riverbahks.
BARA.COS5 pointed out that with the excepfion of the top six tol
twelve féet, almost the entire depth of clay generélly showed
complete saturétion indicating a substantial zone of capili;ry
rise. Below the capillarity zone; pbrewater pressures in the
saturated clay layer; especilally between the clay-glacial till
  vinterface; are not hydrostatic; as confirmed by the piezometric
‘readings obtained at the riverbank sites.

VAN CAUWENBERGHElo.suggested that the ﬁoreﬁagér pressure

in the riverbank might be in part, influenced by the piezometric
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level of the Upper Carbonate aquifer. Some evidence in the
investigation of RENDER23 substantiates the possibility of
contact of the aduifer!Withﬁthezclay—glacial:till interface
through fissures in the limestone bedrock and the‘"hardpan"o
He reported that hair line joints in the cemented glacial till
" had been observed and these probably accounted for most of its
permeablllty, which was found to be in the order ofle-6 cm per
sec. The artesian pressures of the aquifer are due to the up-
land recharge from the Birds Hill area; north-east of Winnipeg;

where an aquifer complex is situated at a higher geodetic

elevation.
4.é PIEZOMETRIC READINGS.

" The total head (expressed id terms of Canadian Geodetic
.Elevatlons) is equal to the sum of the elevatlon head and the
plezometrlc head, since the Veloc1ty head is negllglble...The
piezometric heads'are‘based on the measured readings without
applying corrections to the meter readings. Earlier corrections
were based on the re-calibration (using air) of the pneumatic
piezometers at the Unlver31tyvof Manltoba (VAN CAUWENBLRGHElO)
Stbsequent callbratlons were taken for measurlng pressures
: exerted by water (porewater pressures), show1ng that corrections
based on a1r callbratlon were not necessary.

The porewater pressure data for St. Vital site were

' collected from June 1969 to November l972 and those of St.

Boniface Site No. 1 were for the period from November 1969 to
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| November 1972. Data obtained from October 1970 to August 1972
'_from another site at St. Boniface (Site No.« 2 .with piezometers
'supplied by the Department of Publlc Works, Government of
Canada) are also included to supplement this study. Piezometric
levels and river elevations in terms of geodetic elevations for
these sites are shown in Figures 10 to 127
v(A) St. Vital Site:
The five Casagrande piezometers (1abelled Number 1 to 5

1nclus1ve) were 1nsta11ed in two boreholes that were 107 feet
) apart,A P1ezometers 4 and 5 were placed near the top of the

Aupper slope of the riverbank.. The forner piezometer ‘became

plugged at a depth of 23 feet in April 1970 and the latter
bpiezometer became blocked at 18.7 feet in June, l970, making
further readings impossible. The remaining three Casagrande
lpiezometers continued to function until autumn l§71. Piezo-
-metric readinos for these three p1e7ometers were not availab]e
durlng the sprlng 1nundation periods of 1970 and 1971 when the
caps of the piezometer collars were not acce351b1e due to sub-
mergence below river level. A comparison‘of the performance of
the Casagrande type piezometerv(Number 2) and the pneumatic
piezometer (Number'lO)—is shown in Figure 9. These two closely
flocated piezometers were instalied at approximately the same
elevation; but information during‘flooding and winter periods
"c6uld not be recorded by the,Casagrande piezometer.m The pneu-

‘matic piezometer had good response to the porewater pressure
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'fluctuations; showing peaks during the spring inundation and
fall drawdown periods.
The total head elevations versus time graphs for the
other pneumatic plezometers (Numbers 6 7 ll and 13) are
shown in Figure 10. River elevations are also plotted on the
‘same graph. These piezometers were selected because they were
situated near the clay—tilliinterface. It may be noted that
sharp peaks as high as 30 feet of piezometric head (piezometer
Number 7) were recorded for the spring inundation periods in

April, and high total head elevations were maintained during

the W1nter months through the spring thaw in March until spring

drawdown. P1e7ometer Number 7 was in operatlon throughout the

entire period from June l969(to November 1972; its performance
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provided a continual record of the porewater pressure variations.

(B) St. Boniface Site No. l:

The ten piezometers 1nstalled were all of the pneumatic

type. Piezometers 1abe11ed as B 2, B- 3 B 5 B 6 and B 9 were

situated at varlous_elevations in the clay layers and in the

non-cemented till. The total head elevations versus time graphs

are shown in Figures 1iAa and llB. It may be noted that piezo-

meters B 6 and B 9 demonstrated dips in total head elevations

during the spring thaw perlod in March Just prior to the spring

inundation. This is possibly due to the relief of porewater

pressure following the thaw of frozen soil cover of the river

bank. For all the piezometers, only gentle rises to moderately
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high peaks were indicated on the graphs for the spring inundation.
periods in 1971 and 1§7Z.~ It ié of interest to note that piezo-
meters B-7 and B-lO;‘whiéh were embedded near the surface éf the
dense till layer; demonstrated dips in total head elevations for
the summer months in 1970 and 1971. This pheu&menon could be a
geohydrological effect in the metrobolitan Winnipeg area as
explained below.
23 \ v

RENDER commented that the groundwater withdrawals had
created a major drawdown cone in the central industrial area of
metropolitan Winnipeg. The riverbank site on Tache Avenue is
situated in thevét, Boniface district which is the central
industrial area. It ié also known that yield dﬁe to pumping of
grouﬁdwater for air-conditioning use during summer months exceeds
the amount of groundwater récharge;vand thus depresses the pie20~
metric level during that period. This situation may imply that
the low piezometric surface in the Upper Carbonate aéuifer in the
Central Winnipeg area (RENDER23) could be responsible for the
drop in porewater pressures as recorded by the piezometers.

The other piezometers were embedded in the clay layer;
and the summer piezometric levels were maintained at about the

same total head elevations after the spring drawdown due to the

- relatively high and constant summer river level.

(C) St. Boniface Site No. 2:

~

This site is situated at about 600 feet north of site No.

1 on Tache Avenue, St. Boniface. Piezometers labelled P-3 and
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P-5 were situated near the clay-tili interface at approximately
the same depth. Piezometer P-3 was embedded in the dense glacial
till layer where the borehole log indicated auger refusal; whereas
-piezometer P-5 alwaythad a toﬁal head elevation of two to twelve
feet lower than that of piezometer P-3, although the former was
oﬁe foot higher in elevation head,‘could also be due to the -
influence of geohydrology. This influence could be of a nature
similar to that of piezometérs B-7 and B-10, as described in thé
previous section.

Piezometer P-2 was in operétion for only one month, and
became blocked éue to freézing of the lines. Two other pieéo—
meters labelled P-9 and P-10 weféwinstélled near piezometer P-2,
down to depths of 40 feet and 20 feet from the slope surface,
respectively, in October 1971. The.total head elevations versus
" time graphs are shown in Figures 12A and 12B. During the pro-
longed fall drawdown periéd in 1971, a substantial rise to as
high as‘65 feet 6f piezometric head was recorded for these two
piezometérs. These piézometric heads 1astedlfor a short period
aﬁd then drcpped off rapidlyes The general pattern was similar
to that démonstrated by piezometer P-4, which only showed a
small peak in total head eleﬁations and then declined steadily.
One of the possibilities of forming such extraordinary piezo-
vvmetric heads, assuming no faulty readings, could be due to a
leak in a nearby water main. :ﬁowever,'owing to the short interval

of time in which porewater pressure could be collected, the -
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complex nature of the_petternnof total head elevatioﬁs for these
two - piezometers was not fully understood. The extraordinary

- readings fot'piezometers P-9 and P-10 had to be discounted in
considefing a representati§e~piezometric regime for the bank

site, especially for the critical periods.

4.3 SLOPE MOVEMENT DATA.

Slope indicator data were used to estimate the locations
of the slip surfaces for the three sites. Two slope indicators
were installed at each site and readings were taken at two-foot
intervals of depth down to the bottcm of the hole. Lateral
.deflectiohs recorded from the slope indicators were plotted
agalnst depth of test holes in feet. Slope movements at
‘selected points, as measured by slope indicators 1nsta11ed in
these sites, are shown in Figure 13. Location plans for all
slope indicators as well as the points selected for the.move-

ments are shown in Figures 14 to 1l6.

(A) St. Vital Site:

The slope movement of each-indieator is shown in Figure
14. Slope indicator SV-1 was in operation from February 1969
to March 1972. The deflection point at the 28 foot-depth
indicates a total of 5.74 inches slope movement ln the south-
ward direction over a period of three consecutive years. Slope
indicator No. SV-2 was in operation from January 1969 to April

| 1970 until it became constricted at a depth of about 33 feet,
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. and the prcbe could not be loweredbbeyoﬁd that depth; The
deflection point at the 34-foot depth,plotted in Figure 13
indicates a total of 3.95 inches slope movement in the westward
direction in 15 months..

The profilé of'slope movement revealed tﬁat large compe-
nents of ground movement had taken plaee immediately above the
ciay~ti11 interface. This indicates that the 1ocaﬁion of the
failure zone lies in a segment bound‘by the two boreholes. The
ma jor direction‘ef lateral motion was ﬁestward and the river
bank moved obliquely towards the river. VAN CAUWENBERGHElO
determined the positions of several pointe on the slip surface

based on the data of the two slope indicators, the sub-soil

profile and a ground surface profile.

(B) St; Bonitace Site No. 1l:

- The slope indicator Nos. TA-l1, TA-2, and TA-3 were
installed in December 1969. Slope indicator TA-1 operated
until November 1970, at Which time it failed by being blocked
‘at the 25-foot depth. .Dgring_the-highnwater)period, submer-»
éehee ot.siope indieatof TA-1 prevented readings fiom‘being
taken during the last half of April and May of 1970.

Slope indicator TA—Z,aiso failed in November 1970 after
lbecoming pinched off et_the 8-foot_depth," Slope indicator TA-3,
‘which Qas situated about 282;9<feet norch of the other two slope
indicators, Qperated'only‘untiliFebruary 1970 when the slope

indicator~was constricted at a depth of 23 feet. The total

ﬂﬁmount'ef éieﬁé movement of the deflection points, as plotted



in Figure 13, and their major movement directions éfe summarized
in Table 3:
TABLE 3
SUMMARY OF ST. BONIFACE SITE NO. 1 SLOPE MOVEMENTS

AT SEILECTED POINTS

Slope ©  Depth Movement Lateral Time
Indicetor No. : Direction Deflection  Interval
' _(FT.) . (IN.) (MONTHS)

TA - 1 16.2 Westward 5.12 11.5

TA - 2 5.0 “Westward 6,59 11.5

TA - 3 2]. 00 ’ Westward 4-094 3.0

The ratesof movement depend on the depth at which the
points were situated, and other factors such as groundwater
conditions within the slope, duration of the submergence periody
and frequency and magnitude of precipitation. The installation
of additional slope indicators near the toe of the slope would
be desirable, but cost cbnsiderations prevented installation.

_Each lateral deflection curve of the two slope indicators.
(Figure 14B) indicates a deflection point at the level showing
a-reversal in slope movement directioﬁ, with the curve crossing
bthe vertical axis of the observation well at a point of conver-
gence with other deflection curves. Observations based on the
subsoil profile and the slope indicator data showed that, for
this site, these points of deflection were located near.the
clay-till interface or in the non-cemented till layer. The
significane feature revealed by this observation was that for

slope indicator TA-1, the failure zone existed immediately



.above the cléy-till interfacéj whereas for slopeAindicator
TA-2, data showed that the failure zone passed through the
clay layer near the slope surface. The estimated slip line;
nearly tangentiai to the deflection poinﬁs of the deflection
curves, was assumed to4emefge at the toe as no information was
available regarding the slip line location near the toe. This

 assumed slip surface appears to be circular.

QC)? St. Boniface’Site No. 2:
B After the slope indicator installed at St. Boniface Site
No. 1 had faiied, two slope indicators designated és "SB~-East™
‘and ""SB-West' were installed in October 1970. The slépé
‘indiéators bélonged to the Civil Engineering Department of the
University of Manitoba; were supplied by the bepartment‘of‘
'Public‘Works of Government of Canéda; and weré installed by
the Manitcba Water Control and Conservation Branch. The two
slope indicators at this site were still monitoring movement
- data in Junev1974.'

A plot of the defiection point at the depth of 5 feet
versus time for slope indiéator SB-West (Figure 13) shows a
total of 1.09 inches of slope movement ih‘thé westward direc-
tion in 29 months. The slope ihdicator SB-East reccrded a
total of 0.75 ipch‘slope movement at the 5-foot depth.in 27
mohths. This slow rate of slope movemént may indicate ﬁhat
the siope indicators afe located on the siope_that is more
stable near the upper part of the bank. The riverbank site
has been somewhat stabiiized by flattening the slopes to per

permit installation of piezometers and slope indicators.
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CHAPTER 5
SLOPE MOVEMENT STUDY

5.1 OBSERVATIONS OF SLOPE MOVEMENT DATA.

For natural slopes that have developed as a result of
the natural processes of weathering,'including river banks,
-materials near the slope surface often undergo a slow downhill
movement referred to as "creep" (WILSONzA). The rate of soil
creep ‘depends on many factors of which the three most signifl ant
variables are the inclination of the slope the type of soil,
and the amount and frequency of rainfall. The slope indicator.
data provide-a;-record of. the rste and amount oF slope movement
in the. field, before and after the failure of a. .slope.

In determining the locations.of the failure surfaces at
~the St. Vital site from Slope‘indicator data, it was found that
the estimated slip line, with a somewhat flattened bottom,
passed through the clay—till interface region. This non-circular
failure surface, which began from the bottom. of an observed
tension crack and extended down to the 1nterface, could be
fairly well defined because of the known slip which had occurred
preViously. For the other two sites situated in St. Boniface
area, the potential failure surfaces that pass through the deep
deposits of glacio-lacustrine clays are likely to be circular,
as estimated from the observed data.

An examination of the slope movement profile shows that

- at the St. Vital site, the zone of movement is well defined.
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Slope indicators- SV-1 and SV-2 indicated large displacements
of 6,27 inches and 3.88_inches, respectively, near the clay-
till interfécé, and that the bank was moving westward towards
the river. A lafger displacement'wasvrecorded by slope incica-
tor SV-1 because it operated two years longer than did slope
indicator SV-2 and also due to differences in the observation
locations, Data showed that during the period_whilé both
_ slope“indicaﬁors wefg'in operétioﬁ, therdisplacement near thg'
. slope surface recorded by SV-2 was smaller than that of SV-1,
This would imply thatbthe soil mas; near SV-1, being further
down the slope, had a total displacement equal to the sum of
the translatioﬁal‘component due_to thebupper élope_movement,
and the relative displacement cbmpqgent due to independgnt B
movement; or creep of the soil mass; _This independent movement
may also implyAthe existence of sepafate or indepgpdent slip‘
surfaces other than the one eStimgﬁgq tq_e;ist.nearuphe”¢lay~
till interface., However; thg.gharply defined slip surface
would prbbably~be:the_saﬁe:failure piane that had developed
along the old sliding surface. ‘

_For_slope ipdigapof SV-Z;_dgta indicated that the slope
movement in the southward direction was about one-tenth of fhe
westward movement; and hence was hegligible. During the three

years operation of slope indicator.SV?l, 12.37 inches slope
movement in the westward direction, and 11.82 inches southward
,mgyement‘near the slope. surface .was recorded. The movements in
these two directions were of the same order, and the resultant
movement of the soil mass near the slope surface in an oblique

direction towards the river. Total slope movement of such
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magnitude aé'fecorded by slope indicator SV-1 would imply that
fhe gfound movement near the slope surface may be due to creep,
aé.slope movements Qithin}the soil mass at deeper soil layers
were of lesser mégnitu&ésQ |

The slope moveﬁent'profiles of the two adjacent sites in
St. Boniface area have different features although the sites
are only 600 feet apart; For'site'Ng,_l, slope indicator TA-2
indicated a total of 8.88 inéhes slbpé mdvement in the westward
direction near the slope surface, and a corresponding movement
of 3.94 inches was recorded by slope indicator TA-l1. This
implies that slope movemeﬁts of the soil mass near TA-2, which
was situated near the upper slope, and thaﬁ near TA-1 could be
- due to rotation or independentrmovementsmwwiheimajor:movement‘
'nearvTArZ took-place within the upper fifteén feet from the
slqpe'surface and as a result of tﬁebcreep of‘soi; mass within
this zone,-a maximum displacementﬁoffll.l inches in 11 months
- towards the river was recorded at the slope surfaée (Figure
IﬁB). Further observations showed that at all times; there
exiéted a transition zone extending from twelve feet to nineteen
‘feet below the slope surface; aﬁd within the mixed grey clay
~and non-cemented i1l layer, in which a small moVement of about
0.2 inch over a period of 50 weeks was measured (point Z;
ngu;e 14B). This eastward movement may be explained by the
fact that the slot tube for guiding the slope indicator became
“loose in the observation well. |

For the soil mass near slope indicator TA-1, the slope
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mévement profile.Showed that major movement had taken place
neaf the clay-till interface, with a maximum displacemnt of
: 5.12_inches_in 11.5 months (Table 3). The smaller dispiacement
of 3.9/ inches recorded over a period of 11.5 months (Figure |
143)“near'the s;ope_surﬁaqe alsq implied_that existence of
independent sl;pusurﬁgqesi _Anothgr slope indicator, TA-3,
installed at approximatéiy_the séme elevation and about 190
feet north of slope indicator’TA—Z, recorded an approximately
same rate of movement and had a similar slope movement profile
when both were operating.

The movement. profiles of-the-two -slope- indicators
" (SB-East and SB—Wést)vat the St. Boniface Site No. 2 were
similar to those bf_slope indiégiérs TA-2 and TA-3 of Site No.
l,_but the rate Qf movement was only about half an inch per
| year. The eastward ground movement and the westward movement
pgwards the river‘appeared erratic each month of the year. The
eastward ﬁqyement may'have been the result of the slot tube
becoming loose ip_ﬁhe_observatipn well, However, data showed
thatlthe Slppe movement was towards the river during spring
;nun@ation_and fall»draﬁdown,vfo;lowed_by a’period_of eastward
movement, and then westward towards the river again. The data
ind;cated thap phe'slope movement near SB%East and SB-West
consisted of a major translational component and a relatively
small displacement componeht due to creep. - The small amount of
slope movement recorded at this bank site may be due to
stabilizgpiqn by flatteningkthevslope to permit installation

of piezometers. As the slope indicators SB-East and SB-West
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are still monitoring slope movement, future data may help in

assessing a more definite movement profile.

5.2 RATE OF SLOPE MOVEMENT.

The.rate of slope movement varied with time of the
year and the depth of soil mass. For the bank sites studied,
 the rates of movement at ground surface and/or the maximum
displacements recorded are summarized in Table 4.

An example of a rapid rate of movement that deserves
study is the surface movement near siope indicator TA-2 of
St. Boniface Site No. 1, where a displacément of 2.22 inches
in one week was recorded between November 12th and November
19th, 1970. An examination of the Red River elevation_recofq
indicated that this period corresponded to the fall drawdown,
Piezometric readings indicated that_during that period, the
| porewater pressure within the soil mass was sti;l very high,
causing a reduction in shear strength,_vUnforpunately, slope
indicator TA-2 failed {as described'previously) after November
19th, 1970, but a comparison of data can be made~withuthe
rapid rate of movement.recordéd at St. Vital site: Data
indicated that for siope movament at surface, slope indicator
TA-2 recorded a total of 3.L inches in 21 days (October
29th to November 19th, l970),_and_for St. Vital site, slope
'iﬁdicator SV-1 recorded a total of 4,27.inches of -slope

movement in 28 days (October 29th to November 26th, 1970).

5.3 STUDY OF CREEP DEFORMATION.

The study of the stress-strain relationship of the soil



TYPICAL ANNUAL MOVEMENTS REGISTERED

TABLE

L

BY RIVER BANK SLOPE INDICATORS

(Unless otherwise stated, movement is in the westward

direction)

SITE | SLOPE INDICATOR | MOVEMENT IN INCHES FOR THE YEAR
NO. AND DFPTH | 1969 1970} 1971 | 1972 | 1973
SV-1 (3) 3.76 | 5.82 | 1.82 | 0.427 | ~=--
o Ground Surface (3M)
g . _ 4 .
& SV-1 3.95 | 6.62 | 1.83 | 0.33%| —oe-
- Ground Surface : : (3M)
o ) e ,
hat SV-2 3,497 L o | ol | ol
= Ground Surface (6M) '
A sV-2 - 3.9 eeen | oom | oo
At Depth 32 Ft,. :
~ TA-1 1,13 1 2.80% ) coem | oom | oo
S Ground Surface ; (11M)
= 7 ] o b
® TA-1 Lobh @ 30487 | mmmm e | oaml
» At Nepnth 1A.5 Bt Pl ; L
% o B
o TA-2 2.29 | 8,817 | —ooc | coem | —men
g Ground Surface o (11M) ¢ 1 ;
“ | o | : |
= TA-3 Lol6F ] maman e
e Ground Surface (3M) § 5
. . v !
. TA-3 [ RS-7% RE RS BRI
2 At Depth 21 Ft (3M) | f ;
o o SB-Fast R 0.527 © 1,15 | 0,35%
@ *| Ground Surface | (L4) i L (5M) |
I : i f d 5K |
S5 SBWest | --a- 1.297 | 0.70 | o.56‘i
! @ N1 Ground Surface i (1) ; |(5M)
w Partial Year, movement for number of monthc Qqom

>’f \la

+. Movemeqt for 14 months, 1970 1971

S - SouubJard ”ovcnept

M - Time in Month

Movemsant for 6 months, winter of 19569~ 1070 '
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mass within a slope at impending failure could provide a
better knowledgg_of’the SQ;} defgrmqpion due to creep in
relation to slope stability. However, this approach would
require an estimation of the amount and rate of shear deforma-
tions, together with eyaluatign of”the boqndgry\cQQQipiqns and
soil properties. The amours and rate of shear deformations
could be obtained from obsepvétion‘of_glppe>;nq;gator_data,
but the evaluation of boundéry conditions for stability
analysis would require theoretical considerations based on the
theory OfArheqlogy,. Thg‘fa;lgredof;soil:dug'ﬁo creep had been
studied by some investigators, among whom were SUKLJE®> and YEN°®,

Creep deformation is plastic deformation which does not
necessarily cause failure. Ihengqnpinuogs_c?ggp of a slope in
‘@ state of impending failure, is a case in.which the down-slope
_ compﬁnent of the weight of :soil causes §;519w,_¢ontingqusvyieid
(YEN26)1<_=A--delicaterbalance*qf »_fon_:-cj‘es‘__i's“_q:epre.senilied_by_w
{thisustate~eﬁrglew yieldiﬁg and sliding can-be triggered
off at any instant-once-the resisting forces-have been
overcome. Other prime factors such as slope geometry, pore-
watef pressure, and goil_éonstitutive equationsushoul@ be @aken
into account in explaining the behaviour and”stabilitylof the”_”
slope. The SOil constiputive equatiqns_defineuthe-stregsestrain
relations of the soil mass, depending on thg basic‘assumptions
and the apprdach adopted. For theory of elaspicity; the_cqns%
titutive equations are based on Hooke's Law, and for the theory
of plasiicity, the stress—strain.relatioﬁship'must satisfy the

yield or failure criterion, and these equations usually involve
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plastic strain rates,

ra
25 .
YEN adopted an infinite slope approach for long slopes
because of the relatively simpler mathematical treatment.,
The present riverbank sites depart from the infinite slope
assﬁmption in that the bedrock or dense till layer and water
table are not parallel to the slope surface. Other idealized
assumptions of uniform acceleration of slope movement and
steady-state velocity profile also do not exist in nature.
The actual slope movement is a function'of-stress and strain
affected by such independent variables as floods, drawdown,

and the rate of slope movement varies from time to time during

the year,



CHAPTER 6

RIVERBANK STABILITY STUDY

6;1 SLOPE STABILiTY THEORY.

' The prevalent approach for slope stability analysis is .
based on allimitingvequilibrium'analySiS'using potential
>slip surfaces. The shear strength of the soil‘iswargovefning'
factor. A factor of safety computation is the essence of the
analysis, providing a standard'of comparison.in determining
the stability of the slope in question. The most useful and
widely adopted definition of the factor of safety is taken as
'the ratio of the total shear strength_available“onAthe slip
surface to the total shear strength mobilized in order to
_maintain equilibrium. |

The common analytical method being widely used is
pasically the circular arc method. :This method developed by
Petterson (SUKLJEZG){ is also known as the‘Swedish circle
method. A cylindrical rupture surface with a'nqrmal axis to
the plane of the slope crqss—seqtion'is assumed,.and_the soll
mass rests on a rigid,Aimpenet;able base. The faqtor“pf safety
computation was taken as the ratio of the resultingbopposing
forces developed on the failure surface to the sum of the
tangential working forces'(tangéntial.compqnent Qf the weight
of soil mass above the failure surfgce) along thé.slip'arc}
This early versidn of circular arc method was merely a curvi-
linear generalization of the slip plane‘apppoaqh. The complete
generalization for curved_slides was later quified and the

normal component of the weight reacting perpendicularly to the
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élip surfacé was taken into accoﬁnt; This hodified method is
still in use and is known as the cqnventional or Eellenius
method; it can be conveniently formulated as the method of
sliceé in which the failure mass within the slip surface ié
divided into thin} fiﬁite slices. BISHOP27 further  developed
the methodbof slices, taking into account the normal

forces acting 5n thevvertical sides of the slices (or
horizontal interslice forces) and the tangential shear forces
(or vertical interslice forceS). A simplified version of
Bishbp‘s method neglecting the vertical interslice forces is
commonly used, and the error in factor of safety computation

of this approximate solution is

within 15% of the value
obtained by the refined veréion“;f Bishop's method (JANBU

et al.28), The common feature ﬁo‘all;thesexapproximate
methods, ;S that thevsafety factof-cpmpuﬁaﬁion‘is defined in
terms‘qf~mqments of weights of the failure mass (sum of the |
driving momgnts) té the mgments'Qf“mobilized”shear strength

along the failure arc {sum of the resisting moments).
LELARIE S AT T VTG L5

iﬁﬁolyés”thé_appligation_gf stability.numbers from prepared
tables and chafts which can be used to find safety factors
with respgct"po soilugtrength. A safety factor defined with
respect to cohesion and a safety factor defined with respect
to the frictional angle (tan @) are first estimated by -
assuming a value of the frictional angle with the aid of
ATaylor's_gharts. By trial—and—error pfocedures, the value of

the safety factor with respect to strength is obtained when
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a value of safety factor which applies equally to both
tohesion and friction is found.

For non-circular failure surfaces, several methods of
analyggs have been developed by some investigators, such as
JANBUZQ., MORGENSTERN and PRICEB‘O;, and NONVEILLERBI.. The
application of'thase methods will be discussed in a later

section.
6.2 ASSUMPTIONS AND THEORETICAL CONSIDERATIONS.

The inherent assumptioné for the above-mentioned
methods of stability analyéis, whether for circular or non-
circular failure surfaces, are as follows:

1) that the soils within the failure zone are ideally
rigid-plastic materials; | |

2) that the failure soil masswalong the assumed rupture
surface is in plastic equilibrium and has figid—plastic'
deformation préperties;

3) that failure due to progressive mechanism does not occur;

4) that the soil mass is homogeneous and satisfies the
Coulomb-Mohr failure criterion.
Certain simplifying assumptions are also made, depending on
the method'of analysis uéed. B

The choice of shear strength parameters in the effective
stress analysis, as ﬁentioned ih the previous section, and the
selection of the porewater pressure distribution_in the real
problem, govern the'accuraCY of the evaluation of the factor of

safety. Analytical study of slope stability provides a
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determination of a margin of safety in the design of earth
-structures, and a corfelation between field observations and
the results'bf stability aﬁalyses based on measured properties
of the materials involved in the mass-movement. The common
methods of analysis can be applied to both first-time slides,
i.e.; slides in previously unsheared material, and slides due
- to reactivation of movement along a pre-existing surface.

For natural slopes or riverbanks, the long-term stability
is characterized by a driving moment which remains constant or
changes in an extremely slow manner. Failure of the slope is
'brought about by the gradual and permanent decrease in the
resisting moment, and frequently, sudden decrease in the
resisting moment is augmented by decrease of effective stress
caused by increase- of porewater pressure-due-to-seasonal
variations. When a first-time slide occurs, the material
underlying the newly exposed failure surface begins to soften
and the process continues uatil another slide occurs. When
‘the slope fails along a pre-existing rupture surface, the soil
strength has reached the ultimate or residual value. Basic
types of landslldes on clay slopes and their mechanisms have
been class:.fled in details by BISHOP and HUTCHINSONSZ, and
they are not dealt with in the present study. In general, the
loné-term failure is the result of a gradual decrease in
shearing resistance, which is ueually caused by decrease in
the effective stress due to development of excess porewater

pressure or a rise in groundwater table.
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6;3 COMPUTER PROGRAMME FOR SLOPE STABILITY ANALYSIS.

In this study; effective stress methods of analysis
- were applied to both'circularland non-circular slip surfaCes.
The results were then compared with those of total stress
analysis with undrained etrength parameters; which had bteen
obtained by scme previous investigators. The emphasis of this
study was on the effect of porewater pressure distribution; and
!the computatiohs of the'srability analyses were facilitated by
a computer prcgram incorporating the Simplified Bishop's
method; and Janbu's method for non-circular failure surfaces.

The computer program for the Bishop's method consists
of slope stablllty analyseo of ﬁeny trlal sllp circles with
different locations of c1rc1e centres, and by an 1terat1ve
procedure; a factor of safety for each trial circle satisfying
all conditions of static eduilibrium; is found. The centres
are located on a grid pattern; and a value of safety factor is
‘obtalned for each trlal Sllp circle of a trla] centre. By
draw1ng contour 11ne¢ of equal safety factors, the critical
centre providing the lowest factor of safety can be found,

For the Janbu's method; the geometry of the assumed
composite (including circular arc) slip surface can be
approximated bty a series of straight lines; and the entire soil
mass within the failure zone is divided into an assigned number
of thin; finite slices. A similar procedure of isoleting the

: 33
failure mass for analysis was described by BELL . The feature
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.nf the present.program used is that the slope geometry, river
1evél; slip.surface; thrust»line and the piezometric level are
all represented by a series of straight lines. |

| The poreﬁater pressure domain‘was described by means of
a piezometric level. Based on the piezcmetric readings taken
at approximately weekly or fortnightly.intervals; equipotential
lines were drawn connecting points of eﬁual total heads ex-
pressed in terms of geodetic elevations. As the.porewater
pressure distribution near the assumed slip surface was of
primary interest; the piezométric levels along this surface.
were established by erecting vertical.lines from the points of
intersection of eéuipoténtial ii;és and the slip lines; to the
height indicating the level to which piezometers placed at each
individual intersection point would'rise. The piezometric
surface was then defined by a series of straight lines joining
the_piezometric 1evels'(Figure 17). For both circular and
non~circular slip surfaces; the method of slices was adopted;
and the computed unit porewater pressure for each finite slice
was taken to be the height of water from the piezometric surface
to the base of the slice; situated cn the assumed siip surface.

In the analyses;_the avetage residual values of the shear

strength parameters; based on the test results of JANZEN9 and
SUTHERLAND13 on Winnipeg clay; were used. Fot the St. Vital

riverbank site, the average residual strength parameters of

Winnipeg clay are ¢é = 11°, and cﬁ = 0 p.s.i. based on the
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’vresﬁlts of SUTHERLAND'3. For the two riverbank sifes (St.
Boniface and St. Vital) values for_¢ﬁ'of clay rangeq between 8°
and 130; ana for cﬁ; between O_p.s.i. and 1,5 pe.s.i. for the
effective residual angle of friction ;nd effective cohesive
strength; respectively (JANZENg).
6.;4 RIVERBANK STARILITY ANALYSES WITH CIRCULAR SLIP SURFACE.
The method qf slices; aésuming circular slip surfaces;
>has been applied to-theifhree riverBank'sites for slope |
stability analysis. VAN CAUWENBERGHE'C studied the St. Vital
bank;vand the two St. Boniface riverbank sites are included
in the present study. The Fellenius and Simplified Bishop's
methods were used to determine theifactor of safety for each

groundwater condition.

(A) FORMULATION OF THE CIRCULAR ARC METHOD.

| Thé forces acting on a t&pical slice are.shown in
.Figure‘18. Figuré 19 illuétrates the forces considered in
fhe Fellenius and simplified Bishop's method of slices. In
‘ the Fellenius method the resultant of all side forces is
assumed to act parallel to the slope. A projection line is
drawn perpendicular to the base of slice; and the normal
effective forces are summea along the direction of this pro-
jection line. In this way; the forces acting on the sides of
any slice are assumed to haVQ"zero resultant in the”direction.

normal to the failure arc for that slice. On the other hand,



for the simplified Bishop's method; the resultant of all side
vforces is assumed'to act perpendicular to the side of the
slice; and thebnermal effectiveAforcesbare_summed along the
projection on the vertical. In‘this way the interslice
forces are neglected.
Qhewpertinent forces which act on agtypical~single slice

shown in Figure 18; and their notations are as follows:'.

1) The total weight of the slice; W.

2) The totdl normal force acting on the base of siice; E;i

having two components:
(i) the effective mormal reaction; P';»and
. (ii) the total force due to'éerewater pressure; U; which |
is eeuivalent'to ul or ub secnl.

where:

u =\unit porewater}pressure,

v

w1dtn of sllce,

.

L b sec K = 1ength of base or sllce;

K = angle between failure surface and horizontal.
3) The.horizontal interslice forces; E, and E wE
4) The vert1ca1 1nters11ce Eorces, T ~and T el 3

where n denotes the nth sllce.
5)_In terms of effectlve stress, the moblllzed shear force

satisfying Coulomb's shear strength equatlon is given by.

-

S[m = C'L +.'F' tan @'

66



Figure .18
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where:
¢" & cohesion 1ntercept,
T
F

angle of ‘shearing resistance

the factor of safety for the stability of the slope
as defined in §6.1.

For the Fellenius method of slices, the equation for
the factor of Safety ist

}:nLC'L'F W cosa.-uL) tan Qf] ......
S:‘W sin « V . oeeeee (6 1)

-~

The stress dlstrlbutlon is not known in advance, and

in Ca_lculatlon of the'effectlve normal' stress d:Lstr:Lbutlon, :

the slice or free body is not I;i;eed in cemplete eciuilibriunl..
The system of slices is statically indeterminate'and~can only
be solved if some simplifying assumption is made. The factor
‘of»safety.caiculation.based on Fellenius method is generally :

P

underestimated. The shortcomlngs of this method was dlscussed

: 34
in detail by WH.LI‘MAN and BAIL.EY

The equatlon for the factor of safety in Blshop s

method of slices is given by

F = e 4 Lw - ub) + (T - n'*““ "an Q'\I (1/““«&) '
, ZWSJ.DO( ' ...(0.2)

where my is a function of & and gt

md'-‘-" cosol (]_ + tano(tan gl)

’Bhe s:.mpllfled vers:Lon of thlS method was: developed by

assuming horizontal 1ntersllce forces acting on the vertical

68
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sides of a}slice and neglectlng the components-of-thesefforces
in the vertical direction. : By assuming 3. [(’L‘n - T,.3) ‘tan fo]
to be zero; the equation for the-factor'of saﬁétywis then
simplified to:

z[c'b = (W -~ ub} tan ﬁ ] (lfmu) R R
U W sim o e EELY (6.3)

The omission’of vertical components of the interslice

forces introduces a slight'error without loss of accuracy in

‘the*computation of the factor of safety. For‘Bishop's method
of slices;fthe sheaf strenoth distribntion along the assumed
fallure arc is again not known in advance, and the free body
is also not placed in complete equ111br1um in the calculatlon
of. the effectlve normal stress dlstrlbutlon. Fortunately; the
add1t1onal 1terat1ve procedure; fa0111tated by the conouter
Whlch 1terates and adJusts by trlal-and~error procedure untll
the safety factol is" balanc@d on both s1des of the equatlon
(6 3), ylelds calcalated safety factors whlch are falrly

accurate, despite the fact that this method fails to satlsfy

statics completely.

(B) RESULTS OF THEJ ANALYSES.-

The stablllty analyses w1th c1rcu1ar sllp surfaces by
both Fellenlus and 31mp11f1ed Blshop s methods were applled
to the two adJacent rlverbank sites at Tache.Avenue.in Sto

Boniface. Average values of strensth parameters : cl = 06

pssei. and g; = 12.7° were used according to the test results
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-of soil samples obtained from these sites (JANZEN?); A

. comparison of the analytiéal results of the present study and
those obtained by JANZEN? is given in Table 5.

| The results of‘the stability analyses using the °
Fellenius method are SQmmarized in Table 60

| Errors involved in both Fellenius and simplified
Bishop's methods were discussed in details by WHITMAN and
BAILEXBao Serioué errors are introducéd in Bishop's method
when deep failure surfaées are assumed with high porewater
pressﬁre condition, FO;tuhately the present riverbank sites
under study have gentle Siopes; and the potential failure
surfaces'are not so deepwseate&‘éé_tqibe affected by the
critical porewater pressure conditions. On the other hand;
the Fellehius method is in greater error iun the Safety factor
computation than the simplified Bishop's method. The assumed '
‘direction for the effective normél forces acting;on.the:base
of eachAslice; P';Vhas a hoticéable effect on the safety

- factor computation. | As indicated on Figure 1§ (a); the
’direction of the acting forces leads to an equation for P!
given by:

‘P' "WCOS"’(;'Ub sec ol ) seeeee (604)

The following results Wefe discussed by WHITMAN and BAILEY34:

1) For slopes with no porewater pressure involved, the error
in safety factor computation increases with increasing

central angle subtending the failure arc. This error



TABLE 5

COMPARISON OF RIVERBANK STABILITY ANALYSES RESULTS
FOR ST. BONIFACE SITES

; . _.PRESENT STUDY T __ JANZEN* *(Safety Factor) |
Site Date .77 (AY|Critical|Centre Co- |Radius Effective|Undrained =~ Comment

— . ISafety Factor | Circle |ordinates | (Feet)|.Stress |Analysis

W= | B ' , : .

o [Dec. 20, 1969 0.956 0.923 (90,825) | 111 1.08 2.11 Winter

2 [Jan. 24, 1970 0.925 - | 0.903 (90,825) | 111 1.07 2.11 [Condition

[Yp 2NN )

o |Apr. 25, 1970 1.528 1.315 | (95,765) 51 13.13 7.56 Spring -
.9 ' v . _ ‘ Inundatlon
< May 22, 1970 1.021 170.973 (95,835) | 123 .05 L2775 Spring
' _ Drawdown
2 [Aug. 17, 1970 1.05L 1.054 (99,812) | 100 1.65 .59 Summer

: - _ ' ' Condition

o [Nov. 26, 1969 0.932 - 0.900° (95,825) | 123 0.95 2.1 Fall

@ Wov. 7, 1970 | - 1.0k 0.985 | (93,835) | 123 1.54 2.46 | Drawdoun

“ g Nov. 7, 1970 | * 0.860 (1) 7 S | _Fall Drawdown
o= Dec. 11, 1970 | * 0.896 | T Winter Condition
Ao |Apr. 23, 1971 | * 0.787 Suspect piezometric data Spring Inundation
o5 Aug. 6, 19711 % 0.777 : Summer Condition
D9 Dec. 10, 1977 1. . 0.868 (2) ] ... Winter Condition

D

~——

Assumed slip circle with centre at’ (1007, 799') and radius 8515 feet oo
Factor of safety computed by Bishop's simpFified ‘méthod with porewater pressure
calculations-based on piezometric {;vels. ' -
Factor of safety computed by sliding block analysis with resultant water force
Ccomputation based on equipotential lines.- S o o )

-Piezometric data suspect, analyses with piezometric level based on site No. 1 pilezo-

metric readings yielded factors of safety of:
1.028 for Nov. 7, 1970 % Assumed slip plane with centre at (961, 800.5') and
0.921 for Dec. 10, 1971 radius 87 feet o :

T



TABLE ©

.STABILITY ANALYSES BY FELLENIUS METHOD

| ’,M% | FACTORS OF SAFETY Critical slip circle
SITE DATE “ Assumed slip plane with centre at ~|Criticdl| ~ Centre | Radius
| N N .(O+99 Ft , 81> Ft.); radius=100 Ft. ,Circ_le Coordinates (Feet)
December 20, 1969 O~.856 0.770 “ (80, 79L) 85?-5
_fﬁ i January 24, 197Q 0.805 vO,?ZA,,O | (83, 789) 80.5
o April 25, 1970 1,390 1.253 (120, 809) | 80.5
élgf May 22, 1970 0.851 0.851 | (100, 799) | 85.5
27 hugust 17, 1970 0.953 0.953 | (95, 799) | 85.5
o ! November 7, 11970 0.961 0.866 (90, 789). 80.5
T November 29, 1971 1.051 0.984 | (80, 799) | 85.5
%) November 7, 1970 o.71 . | ===—- - - ————
2 December 11, 1970 0.753 | em——- - - - S
::j: April 23, 1971 0.657 | e L L
575 | hugust 6, 1971 0.6k e - - - ——
3 December 10, 1971 o731 | emees - - - ——
" April 15, 1972 : 0651 | =eee- - - - ——

2
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results from underestimating the normal force; P; alongi
'the steeply inclined portion of the.failure suffaee.

2) For slopes with large porewater pressure, the term "ub" in
Eq. (6 4) WLll be nearly equal to the W’value. To prevent
'P' from becomlna negative, P' is usually set equal to zero
for such slices. The shear re51stance and hence the safety
factor is under-estimated because generelly‘there is some
value for the effective.stress}acting at the base of these
sliees in reality. The larger-the porewater pressure, the
greater the number of slices that will be affected in this

way, and hence the larger the error.

Comparlson of the results obtained by Fellenius and
simplified Bishop's methods ‘indicated that in the present
study, the formerqmethod gave values of factors of safety much
lower than those obtalned by the Bishop s method. TFor St.
Boniface Site No. 1, the approy1mate Values of safety factors
obtained by Fellenius method were close to those cbtained by
the simplified Bishopis method. For St. Boniface Site No. 2,
owing to the existence of high potewater pressure, the computed
safety factors given by Fellenius method were so low that they
indicated thatvfailure of the riverbank had occurred.

On the other hand,ithe’Simplified Bishop's method with
porewater'pressure caiculations based on piezometric levels

yielded a safety factor approximately equal to unity assuming

a circular slip surface. The failed slopes have safety factors
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nearly equal to unit§; indicating thét they are at impending
failure ér 1imiting equilibrium. Values of factors of safety
less thén unity_suggests that the slope is in a state of |
movement , alfhough imminent failure may not occur abruptly.
ZARUBAS? suggested that the factors of safety wiﬁh values less
_thah.0.95 would indicate rapid movement of the cohesive slope.
When applying the effecéive stress analysis using,the simplified
Bishop's method to the St. Bonifacé riverbank Sites, the factor
of saféty obtained from each analysis based on the given, ground-
water condition was compared to-the slope movement versus time
graph (Figure 13). The analyses for all groundwater conditions
'during a year cyéle for site No. 1 were satisfactory, giving
factors of_safety having values greater than unity for the
period when the riverbank was stable, and yielding values less
than unity for the reriod when the riverbank was in a state of
movement, A closer look at the fesulting factors of safety for
-the circulaf slip surface based“on'slope indicator data,
indicated that these values wére not thé lowest safety factors
for the theoretically most critical slip circles. By drawing
contour lines of equal factors.of safety, the most critical
circle was found to be flatter aﬁd extended further up the
slope than the circle representing thé pre-existing failure
surface as shown in Figures 21 and 22. This deviation may be
due to the inadequac? of present methods of analyses dr a

change in the geometry of the slbpe from the time of the
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failure to the present.

As pointed out in chapter 4, the piezometric regime of
St. Boniface'Site No. 2 was disturbed by extraordinary ground-
water conditions which could be the result of leaks from water
mains in the neighbourhood, and the resulting piézometric levels
.yielded low factors'of_safetyf Th; plezometric data collected
were in'suspect for this site because no corresponding signifi~
cant slope movement data wefe recorded. In order to obtain a
more reasonable stability analysis of this riverbank site, the
piezométric regime for the porewater pressure calculation was
based on the piezometric readings obtained from St. Bonifaée
Site No. 1 during the correspoﬁaiﬁg period. This adjusted
‘anélysis is partly justified bécause the two test sites in St.
Boniface are adjacent. The piezometric regime and circular
slip surfaces used in this riverbank site are shown in Figures

20(a) and 20(b).

6.5 RIVERBANK STABILITY ANALYSIS WITH CCMPOSITE SLIP SURFACE.

For the great majority of cases, using the assumption of
a circuiar slip surface,and*theasimpiifiedﬁ£ishup$sumethod does
not lead to substantial error. Circular slip surféce analysis
was not applied to the St. Vital site in the present study
beéause VAN CAUWENBERGHElO had ccmpared the circular with that
of the non-circﬁlar slip surface analysis based on the slope
indicator data was more satisfactory. When there are large

variations in the soil conditions which depart markedly from
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GEODETIC ELEVATIONS (FEET)
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GEODETIC ELEVATIONS (FEET)
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the homogeneous, isotropic assumptions, then the true rupture

surfaCe_cannot be approximated by the circular form because
substantial’érrors would be intrdduced in the analysis., When
this occufs, an analysis using a non-circular surface which',
appfoximates more closely to the form of the true failure
surface is nécessary. A discussion of several analytical
‘methods is given below.\

(A) REVIEW OF SOME ANALYTICAL METHODS.

. In the non-circular slip surface analysis, assumptions
are made to make the prcblem statically determina;e. Some
analytical methods were proposed by such investigators as
JANBU%®, MORGENSTERN and PRICE3?, NonveILrer3l and others.
The common chéracteristics of these proposed methods is that
~interslice forces are taken into account, and the ratio of the
resultant verticél interslice forces (Tn - Th+1} and the _
resultant horizontal ihterslice forceé or thrusés (En - Ehfl)
acting on each individual slice are taken as some épecified
constants., The ccmpléxity of the iterative procedure involved
Virtually makes the use of a digital computer necessary as an
aid for énalysis.

Morgenstern‘and Price method‘of slices satisfies both
~ the force equilibrium and moment equilibrium ccnditions. The
procedure assumes that the position of the reaction force is
known aﬁd the interslice forces are assumed to be governed by

an expression of the form (in terms of effective stress values):
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)\ f(x) E! ' coeses (6.5)
where X is the slope of the 1nternal forces in vertical sectlons,
f(x) is some spec1f1ed function of the horizontal dimension x,
and X\ is a coefficient which may be modified as necessary
during the iterativevprocess. In this method, the equilibriﬁm
cohditions are successively applied from slice to slice and the
moment condition is related to the centre of the base of each
slice. The variaples £(x), N\, as well as the safety factor F,
appearing in the failure criterion, must satisfy the appropriate
boundary conditions. The statically determinate solution
obtained does not appear to be very sensitive to.the arbitrarily
choseo function £(x), which maf‘Be'given any reasonable form.
The method.tﬁeoretically satisfies all equilibrium
equations, but it does not free the engineer from judging
whether the solutions are reasornable., It is necessary to
ensure that thc chosen form of f(x ) does not imply the existence
of inapprcpriate conditions such as tension in the soil or X
forces which exceed the shear strength of the soil.
A modified method involving the use of a "line of
thrust" and the computation of the required angle of frictional
resistance was proposed by WHITMAN and BAILEY:M° The mobilized
frictional resistance on the vertical sides of slices should be
less than the available frictional resistance everywhereiin the
failure mass. The 11ne of thrust is the line whlch passes

- through the points of action of the interslice forces. BISHOP27
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pointed out that thé/positions of the lines of thruSt between
the slices should be reasonable, ensuring that no unbalanced
moment‘should»be implied in any slice. Besides using a trial~
and-errof»method to adjust the position of thrust lines,
‘SPENCER37 proposed a thrust line criterion for étability
analysis, which is analogous tc MORGENSTERM and PRICE30
method of slices. . | |

For non-circular slip surfaces, the JANBUZ® method of-
slices for a composite surface could be used for stability
~ analysis. In this method; the overall condition of equilibrium

in a horizontal direction is taken as the stability criterion.

The derived equation for the faétor of safety is given by:

o Z{;'b + Ly = ub) + (Tn - Tn+1)]tan ¢'}' (1 /m)
Fom = . ‘ " eeeese (64€)

2 [w *‘ (_Tﬂ - I}I.;,]_l)] sinck

Also no simplifying assumption is made in the derivatioh
regarding the shape of the potential failure surface, the
.method can be applied to any specified or chosen surface. A
more rigorous solution was proposed by VAN CAUWENBERGHELC by
positioning the line of thrust and incorporating the method
of WHITMAN and BAILEY3# tc ensure that no physical imbalance
would bevimplied in the soiution. |

An analytical solution was derived independently by
NONVEI;LERsl in which the ﬁoment of all slices were related

to an arbitrary pole. The reaction force P' was assumed to

act at the centre of the slice. The tangential components T
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of thé effectivevintéfnél or interslice-forces were chosen in
such a way that their differencés (Th“; Tnsl) satisfied the
equilibrium ‘conditions. The working equation for calculating
the factor of éafetvaas proven to be the same as that derived
éarlier by JANBU29, Thekresulting equations are suited for
computations by digitél éémputer. However; the porewater
éressure distribution‘t;rm_is exprésée& in terms of excess
_porewater préssuré with,reﬁpect to tﬁe water level. It is
.éuitable for partially subﬁerged and'dry}slopes; but not for
~ the cdse in which ﬁorewater pressﬁres are measured by piezoi
‘meters. | | o
(B) RESULTS OF ANALYTICAL SOLUTICNS FOR NON-CIRCULAR SURFACES.
The non-cifcular slip suffacé analysis was applied to
the St. Vital site because the failure surface could be
abproximated by a sliding_block described by”a:seriés of
:gtraightﬁlines. The siip line wat based on the slope indicator
xeadings; As the présent site had undefgone movement in tﬁe,
4 paét;?the strength paraemeters used were the residual values;
¢; glllo and Q;'§ é; The regults Qf.the.analyseg using th@
“Janbu solution are summarized in Table 7; anid the results for
the critical porewater pressure conditions are given below: -
(1) Winter Condition (December 31st; 1970) - Sofdre 1.62
(2} Spring Inundation (April thh;'197l) : S.F.‘; 2.12
- JANZEN® and VAN CAUWENBERGHElOfanalyzed the same slope

, With,groundwater condition corresponding to the drawdown and



TABLE 7

. COMPARISON' OF RIVERBANK STABILITY . .
SAFETY FACTOR ANALYSES
FOR ST. VITAL SITE

DATE RESULTS OF PRESENT STuDYT JANZEN'S RESULTS  COMMENT
' (c; =1 p.s.i., gt = 9.5°) |Effective Analysis~ Undrained Analysis* :
Nov. 20, 1970 1.199 0.95 T 1.98 Fall
. - Drawdown
{Nov. 19, 1971 1.023 ——— -
Dec. 20, 1969 1.044 1 0.92 1.98 Winter
4 | Condition
Dec. 31, 1970 0.998 -t _———
Spring
Apr. 12, 1971 2.116 ———— ——— Inundation
‘ Spring
May 2h?_1977 1.220 -——— -——— Drawdown
Avg. 6, 1971 1.373 -——— -——— Summer
Condition
Notes:
+ Non-circular slip surface } |
* Three-block system analyses with effective strength parameters: C; =0 p.s.i.vand
1t = 8.1° :
* For undrained analysis, strength parameters uSed; Cu = 0.5 k.s.f., @ = 0°
- u
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Winter conditions. By calculating the resultant water force
- based on.equipotential lines; JANZE_N9 obtained a factor of
safety of 0;93 fot the winter condition in his analysis. VAN
'CAUWENBERGHELO used a‘phreatic surface based on the piezcmetric
readings; and obtained a factof of safety of 1. 3°- using the
rigorous Janbu solutlons for the same groundwater condltlon.'
By u31ng a hlgher phreatic surface, a lower value of 1.23 wa
cbtained. The factor of safetyAfor the sliding slepe should
be less. than unity. =

lIn the absence of piezometrio readings; the porewater
pressure terms of the derived eouations in previous seotiOns
could be replaced by the produotmof the pore-pressure ratio;
ru; and the overburden weight of the.materiai‘above a point or
plane under”cohéideration (usually along the failure plane).
~ For stability analysis using the method of slices; ru; is a
dimensionless parameter which is eoual to the ratio of pore-
water ptessure to the weight of the material coﬁposing the‘
slice; akove the'centre cf the base of a slice. Based cn the
piezcmetric readlngs, the average pore pressure ratlo for the
w1nter condltlon of the St. Vital riverbank 31te was found to
be 0. 54 and the re°u1t1ng ana1y31s u31ng the rigorous Janbu
sclution yielded a factor of safety of 0097q

As the factor of safety of a slope at impending failure
is known to be unity;'anotherkanelysis was made uSiné BISHOP

36
and MORCENSTERN = method to estimate the porewater pressure
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'condition. The ma jor portion of the flattened slip'surface of
St. Vital site was found to be nearly parallel to the long,
gentle slope end cons equently,»a semi-infinite slope assumption
was made.. The simplifying assnmptions along with the residual
Strength parameters c% =--0 and.¢; e'11°‘1ead topthe following_
- equation for_factor of safety (BISHOP and MDR:ENSTERN36):

F ; an Q" : . T

tan p (- Tysec) | cveens (6.7)
where: p‘ |
_.ﬂ, gpslope angle (from horizental)
ruw; pore-pressure ratio nith respect to the failure plane
For the qt VitaJ 31ter the effective angie cf shearing
l'resistance and slope angle are known to be llo and 6 » respec-
~tive1y. Setting the factor of safety for the sl1d1ng slope to _’
°ﬂun1ty, the reculting pore»pressnre ratio required to satlsfy
this limlting equllibrium condition was found to be 0.45.
f.Using this va]ue for pore pr€°Shle ratio, an analySis baceo on
the rigorous Janbu solution gave a factor of safety of 1.13.
-However, the actual pore- pressuie ratio had an average value
of 0 58 for the w1nte1 condition, and the factor of safety was
~found to be about 0097 as 1ndlcated‘ear11er in this section.
- A revised est:mation us1ng 0.,8 for Tu and substituting into
fequation (6 7) gave a factor of 0.85. The oevxation in the
estimated factor of safety and that obtaired by the more
accurate analysis is due to the 81mplif1ed assumption of a

semi- 1nfinite slope, and the relatively low value of angle



of shearing resistance (¢; « 119) for a "cohesionless" soil.
However, the RISHCP and MORGENSTERNS® method gives a satisfac-
tory approximate analysis if the actual pore-pressure ratio

is knowno
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CHAPTER 7

CONCLUSIONS AND RECOMMENDAT ION
CONCLUSIONS.

The following conclusions were arrived at from the

study of the riverbank sites in the Winnipeg area:

(1)
a)

b)

o
(2)

(3)

The long-term stability of the riverbanks depends on:
the résultantishear strength [, given by,

T =7 tan df + ct

. ’ r r : .

where G, ), and c; ave the usual notations for effective
normal stress; residual frictiénal angle; and residual
cohesive strength; respectively;
the porewater pressure condition whichacanaﬁefhigh during
winter months because of slow pore pressure dissiﬁation;
fluctuation in river levels.
Piezometric readings indicated that the porewater pressure
was not hydrosfaticAforithe riverbark sites and that the
porewater pressufe fluctuation was affected by such factors
as river level, groundwater pumping, snow thaw and preci-
pitation. |
Based on the investigations of previous investigators, the
residual values of the shear strength parameters should
be used for slopes or riverbanks having pre-existing slip
surfaces. The present study‘also cenfirmed-that effective

stress analysis of slope stability using drained shear



(4)

(5

~(6) T

strength parameters was appropriate for‘the‘lohg-term
Stability analysis of‘a failure occurring for the first
time.

The. 51mp11f1ed Blshop-s ‘method:gave -a-good-approximation
of factors of safety computations for a slope having
circular slip surfaces. The effective stress analysis
for the critical winter condition at St. Boniface Site

No. l.yielded a factor of safety of 0.96 along the slip

plane, the location of which was based on slope indicator

data. .

The rigorous Janbu solution gavéJan accurate and reliable
anélysis fér the St. Vital“siope having non-circular slip
surfaces. The effective stress énalysis for critical
winter condition'at this site yielded a factor of séfety
of 1,02, indicating that for practiCal purposes, the

slope was in a state of failure.

groundwater_conditions. The slope movements accelerated
during periods of porewater buildup when the effective
soil strength was reduced. The slope movements were
slower after dissipation of the excess porewater pressure,
and the slopes appeared to be sﬁationary wherr they were

stabilized by the high_river level,

‘ 7 2. RECOMMENDATION FOR FURTHER STUDY.

' The trend in studylng slope stability is to emphasize

89



-

the’stress;strain relationship of the soil mass before and just
prior to.failufe. It would be appropfiate_in future studies of
the riverbank sﬁability to study the stresé—strain relationship
and to take into account the development of progressive failure,
existencé of several failure surfaces within the soil mass, etc.
The soil may be treated as a stréin-softening material and an
appropriate mathematical model could be set up-forkthe study.
The use of finite element technique as a tocl is recom-
mended for studying the stress—straiﬁ relationship. The finite
methbd is a numerical appfoach which possesses certain charac-
teristics that take advantage of the special facilities offered
by the high-speed computers. iﬁfparticular, the method can be
systematically programmed to accomodate such complex and diffi-
,»cult problems as non-homogeneous materials, non-~linear stress-
strain behavious, and complicated boundary conditions. These

complexities are difficult to be accomodated in other methods.
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