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AßSTR,&CT

Pneumatic píezometers and slope Índicators r^Iere ínstalled,

in a riverbank along the Red RÍver in MetropolÍtan hrinnipeg, to mon-

itor porewater pressures and possible riverbank movements. The in-

strumented riverbank had failed previously and was later parËly sta-

bilized. The performance of the pneuniatic piezomet.ers v/as successful

as they I^Iere capable of rapidty measurÍng the porewater plessures de-

veloped in the relatívely impervious Lake Agassiz Clay. Piezometric

condit.ions \^/ere detennined for the period November 1968 to May L969,

inc lusive

The porewater pressure data indicated that the major com-

ponent of the hydraulic gradient uTas in a dornrnward direction' The most

critical piezometric condition in terms of slope stability was noË de-

termined as the time of measurement T¡ias too short. The tIn/o slope in-

dicators presented data which indÍcated that the riverbank was in a

slow stale of movement. The slope indicator data also indicated that a

major portion of the slip zone was immediately above the clay-ti11 inter-

face, and that the movement of Lhe riverbank was predominantly in a lateral

direction. The best approximation of the shape of t.he slip surface \¡Ias

found to be that defined by the sliding block analysis.

Ernploying effectíve rrresidualrt shear strength parameters for

the soils within the slip zone, slope stability analyses l^Iere conducted

by Ëhe Fellenius, Simplified Bíshoprs and Janbu Methods. The Janbu method

was considered to be the superior method of analysis because Íts non-

circular slip surface feature enabled the theoretícal s1íp surface to have

a geometry very similar to the observed slíp surface.
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SLOPE STABILITY CONSI DERATIONS

RIVERBANK IN

I" 1 OBJECT]VES

Pneumatic piezometers T^iere ínstal1ed in a riverbank along

the Red River in Metropolitan I'Iinnipeg to monitor poreü/ater pressures.

This type of instrumentation had not previously been used on riverbanks

in the trrlínnipeg area. Therefore a prime objective T^Ias to evaluate the

Ínstallation t.echniques and actual performance of this instrument in the

local riverbank soÍls.

It was known that a slip surface or slip zone existed i^tithin

the riverbank because the riverbank had failed previously and was later

partly stabiLized. Therefore further objectives r^rere Èo determine more

accurately the location and geometry of the slip surface, and t.o deter-

mine the rate of riverbank movement, if in fact it T^7as presently in a

state of movement. The deËermination of these latter objectives were

aided by two 'rslope índicatortt installations"

The porewater pressure data obtained was limíted to the period

November 1968 to l"lay 1969, inclusive, and therefore possible porewater

OFA

METROPOLTTAN I,IINNIPEG

CHAPTER I

TNTRODUCTION

pressure conditions are only partly represenËed" The

obtaining data was a patE of another investigation.

In order to utilize the porer^rater pressure

puter programs were developed based on the Felleniusl

l-

continuation of

data obtained, com-

, Bishoprs



2.

23Simplified-, and Janbu- methods of slope stability analysis. The results

obtained from each of these slope stability analyses \^7ere compared with

field failure condit.ions to determine which method r^ras most applÍcable.

L.2 PREVIOUS INVESTIGATIONS

The subject of the slope stability of the rÍverbanks of the

Metropolitan l^/innipeg area has received considerable consideratÍon and

study due to their relatively unstable characteristics. These riverbanks

generally consist of plastic clays of Glacial Lake Agassiz, which are

generally underlain by glacial tí11.

MISHTAK4 in a 1960 survey reported that very few banks along

the Red and Assiniboine Rivers were stable. He found only six stable

slopes of the 141 slopes examined along the riverbanks. The unstable

slopes had visible tension cracks, sloughing or Loe erosion. They eit.her

had suffered failures in the last two years or r¡¡ere in the state of creep.

The failure mechanisms appeared to be relatively complex as indicaled by

the fact that the shear strength of the clays in those slopes tended to

reduce with time (Ref. 4). BARACOS5 found that toe erosion on the con-

cave portions of the river caused a gradual deterioration in t.he long

term stabílÍty of these riverbanks. Factors such as surface drainage,

internal porewater pressures, and the rtrapid drawdownrr of the rivers

have also contributed to these instabilities.

The predominant soil profile common to the Red River Valley

has previously been descrÍbed by MACDOlrlSD6, RIDDELLT, and BARACOSs.

Basically the soil profile consists of an upper layer of brown clay,

occasÍona1ly an intermediate layer of a brown and grey clay, and an under-

lying generally somewhat silÈier grey layer known as rtbluet c1ay. These
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glacial lake clays are generally covered by a layer of more recent

siltÍer and organíc deposits ranging in thickness from two to sixteen

feet. Table l, compiled by BAßACOSs is a list of the depth of occurrence

of these clays and some of their pertinent properties. Note that where

these clays occurred in riverbanks they generally showed some consid-

erable disturbance and lower unconfined strengt.hs. A further list of

properties and shear strength parameters of these sÍlts and clays is

presented in TabIe 2. rt was compíled by SUTHERLANDB from rests con-

ducted at the university of Glasgow on samples extracted from the

i^Iinnipeg Floodway site.

The analysis employed to determine stability of these slopes

has generally been the classicalttFellenius Method of slicesrÌwith a

circular slip surface assumptíon. The total stress (Ø:0) analysis has

been used extensively, but appeared to be successful only when used w-ith

lower shear strengt,h values than those determined from unconfined com-

pressíon tests. BARA"COSS and MISHTA,K4 found that the unconfined com-

pressive strength of these clays averaged about 2000 lbs./sq. ft., but

when this value was applied to a failed slope a safety factor greater than

unity usually resulted. rn 1950, A". BAR.ACOS reported to the Greater

tr^Iinnipeg Dyking Board that he found that the calculated factor of safety

for slopes in the l^Iinnipeg Clays i^/âs ovêr-estimated. He indicated that

it would be more realistic to use a value of 800 to 1200 lbs./sc.. ft. for

the unconfined compressive strength. SUTHERLAòID9 also recommended the

application of a reduced value of shear strength when using the Q : o

analysis.

This apparent discrepancy between analytical and observed



TABLE 1

Sone Properties of Greater Winnipeg Glacial Lake Clays

(From BAß.ACOS, Ref . 5)

Brown rtChoco latett
C1ay

Mixed Brown and
Grey Clay Grey rtBluerr Clay

çl
O(fi..Ð

{ c Ë .o(Ú>.r{oq)
t

q-{
o(n..Ð

X . É oo(Ú>.Êloo
t

q-{
o(/)..Ð

X . É .o(d Þ .r{ oc)

Depth

DepÈh

Moist.ure conËenE - %

Dry Density - Ib/cu/Î.t.

Moist density - Lb/cu/f.t.

SaturaËion - %

Unconfined Compres sion
StrengËh - Ibls q,/ft.

Plastic Límit

Líquid LimiË

Plasticity index

top of stratum - ft.

bottom of stratum - ft.

to

to

L6 11

40 25

57 48

99 77

L25 109

100 97

4570 2054

40 30

LL7 89

88 59

2 L47

11 L47

¿l lo

64 73

95 83

86 73

86s 87

L4 36

37 36

23 36

28206

3s258
63 56 31

87 69 53

114 108 98

100 98 89

3790 2L69 LLz

36 31 26

r10 93 70

75 63 51

35 25

62 45

6L 4L

to2 79

130 Lr2

100 98

3570 2182

32 25

95 76

68 s0

15 L54

15 L54

27 44

63 39

101 42

89 32

1188 4/+

L6 L7

37 L7

20 17

L76

L76

57
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50

49
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TABLE II

Recent Tesc Results of tüinnlpeg Glacial Lake Clays

(From SUTHERIAND, Ref. B)

Materia 1 DepÈh

fÈ.

llater Content Ll qui d
Lirni t

P las Èlc
Llmlt

I{er
Densi ty

p.c.f.

Preconso l.
Pressure

ìes i dua I
icrength
\ng 1e

Peak Shear Strensth Parameters
avg. Range Noo

Obs.
Stress Range Bulk Clav 0n LaminaÈions

c
p.s.í ø c

¡.'s"i.
ø

Tan Silt 12 34"4 29-38 44 53 22 120 4ro5rsf
60-80 psl

25 20 - 70 psi
3-20psi
0-3 psi
0-12psi

12 - 70 psi

4.2
t"6

I.l

24u
3l

i: 0"4
4"5

32
L7

Brown
C lay

10 54.9 44-6t 60 120 34 t0s 4.1-4.8 tsf
60-70 psi

I Comp lete
Cornp lete l:l 20"L

0.5 l5

Grey
C lay

25,5 45.9 40-59 83 72 25 111 2"7-3.6 Esf.
42-56 psi

10 Complete
Complete

2.0 234
0 264

Grey
P las tfc
C lay

29.5 62,7 43-8 1 116 101 32 103 0"7 rsf
11 pst

11 Comp lete
Below 10 psi
Above 10 psi
Comp lete

1.4
0.4
L.7

L7 .7
27 .L
17 ,3

0.7 L6

(¡



stability behaviors has generated study on possible alternative methods

that should be employed to analyse the stability of a riverbank in the

Red River Valtey. Both BARACOS 
5 and SUTHERLAND9 h".l.r" suggested that

the effecËive stress met.hod of analysís might provide a better correla-

tion between analytical behavior and fÍeld performance for trnlinnipeg

C lays .

6.



CHA.PTER 2

TNVESTIGATION

2.I ORGA.NTZA,TION OF ]NVESTIGATÏOT{

The steps that rvere undertaken in this investigation were

as follows:

1. A riverbank with the following characteristics wâs s€-

lec ted :

a) One that I^Ias potentially in danger of a slope failure,

such that the installed instrumentatÍon would monitor

the activities precedÍng and during the anticipated

fai lure.

b) Riverbank site was to be readÍly accessible by equip-

ment to assist the installation of required instrumenta-

tion and to obtain subsequenL data.

2. .\ site survey was conducted to obtain a typical profile

of the ground surface.

3. A.n extensive sub-surface investigatíon was conducLed to

determine and classify the soils of the bank, determine

depth to a firm foundation material, depth of water table,

and t.o exËract a seríes of undisÈurbed samples of various

soils for soil classification and laboraÈory shear strengËh

determÍnations.

4. The following instruments úIere installed:

a) A series of pneumatic piezometers, and

b ) two rrs lope indicatorsrr.

-7-



5. A continuous record of ríver levels were kepË.

6. The following parameters r¡rere selected for each soil

in order to conduct a slope stabilíty analysis:

a) Total unit weighË, and

b) Shear strength parameters.

2.2 SITE:

The riverbank under investigation is located on the Red River

in the City of St. Vital within Metropolitan tr{innipeg. A' typical cross-

section is shown in Figure 1. This riverbank is on the outside edge

(concave side) of the river and Ëherefore has been subjected to the

higher velocity currents ËhaË generally prevaí1 in these areas. Two

characteristics of the site Èhen fo1low:

l. It ís not in a zone of river deposition and therefore the

ínsiLu soils are primarily of a glacial lake origin

( lacus trine ) "

2. Lts stability in the past hras threat,ened by toe erosion

both from river currents and Spring ice flows.

As indicated by Figure 1, the slope of the bank is relatively

gentle, approximately 7 to 1o The whole section is virtually void of

tree grov/th except for a narro\^r dense stand of willows along the river

edge immediately North of the indicated cross-section. Therefore for the

greaËer part the only existíng vegetation is grass which extends to the

river edge. Some rip-rap exists at the river edge but is not continuouso

It consists of a random array of boulders and old concrete slabs ranging

in size from approximately 1 to 3 ft. in diameter. Further up the slope

t,here exists some buried rip-rap consisting of the previously mentioned

8.



CEOSS-SECTION OF RIVERBANK
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concret.e slabs and boulders. Due to the sparce vegetation it is apparent,

that. this rip-rap tends to retard toe-erosion during the period of Spring

break-up when high r¡Iater levels, currents of high velocity and movement.s

of large blocks of ice greatly increase the potential forces of erosion.

The riverbank is a typical example of an unstable bank that

has failed in the past and is now moving at a very slow rate. To sta-

bilize this riverbank, the following measures were undertaken:

1. To províde rip-rap at the toe of the slope. Its main

function \nlas to provide resistance against erosion by the

forces of river currents and ice flows. The large size

of the rÍp-rap is important as the relatively heavy weights

of the indÍvidual slabs have accounted for the partial suc-

cess in resisting soil displacement by the erosion forces"

2o The steepness of the slope was reduced. The relalively

gentle slope of 7zl would normally be adequate.

3. To provide continuous grass vegetation on the slope.

This measure facílitated surface r^rater draÍnage and there-

fore minimized the quantity of r^rater that would flow int,o

the subsoil either by seepage or via tension cracks.

But sÍnce the tÍme of the above mentioned stabilizaÈion meas-

ures, the slope has resumed its movement toÌ^rard the river. Det,erioration

in stability is visibly evident as a significant scarp exists at St.ation

0 + 09 where an abrupt vertical drop of approxímateLy 2 to 3 ft. exists

in the ground surface profile. .Further down the slope there are several

ground surface cracks which run almost parallel to the main scarp. These

might indÍcate the possibility of independent block movements within the

s lope 
"

10.



2.3 SOIL PROFILE:

The predominate soil type of this riverbank is a hÍghly plas-

tic varved clay of glacial Lake Agassiz. Figure 2 illustrat,es several

borehole soil logs as determined from the soil investigation conducted

at the site. The 6 to 12 inches of topsoil consists of a highly organic

material which supports the vegetative growth on the slope. underlying

the topsoil are three dístinct clay layers which are readily identified by

color. The upper clay layer is a líght brown clay which extends to a depth

of approximately 6 to 10 feet. The intermediate clay layer is a mixed

brown and grey clay which ranges in thickness from approximately four feet

at the bottom of the slope to almost 20 feet at the top" The bottom layer

is a grey clay with numerous pebble-size sílt inclusions. This clay layer

rests on an almost horizontal bed of non-cemented glacial till, and has a

maximum layer thickness of nearly 25 feet. These clays are classifíed as

'rcHtt soils according to the Unified Classífication system. They are híghly

plastic clays with plasticity index in the 50 to 60 percent range and wet

densities of approximately 110 pounds per cubic foot.

The upper five feet of the underlying non-cemented glacial till

consists predominately of a mixture of fine sand and silt \^rith increasing

content of coarser sand and pebbles wiËh depth. The ti11 was very dense

as indicated by Ëhe penetration refusal of the sampling shelby tubes.

Existing at a depth near the bottom of the boreholes, although

not actually determined in this investigation, is a carbonate rock knoum

as the rtRed River Formationrt composed of dolomitic limestone and dolomite.

Auger refusal at 5 to 8 foot depths int,o the till could be attributed

either to a cemented glacial till or the limesËone bedrock. According to

11.



t-
ì-
l

I

--1ij\lcRþss-s¡crtoH þr ¡¡sr ¡e,'r,< or n¿o nIven . : : :.. i....
tilli . ¡eurs¡wINDsoRTHE^TRE I i ..

iiì'
I I L ..-.l sl.ytr/ìL,y,AsIroBÄ i .:. .i...."..1 ----. -. i . ---l-'-------r ---

I

i I | , l:.
I u sltnu¡r.rNlr ¡t r oNl r,oc r'r i o H s,

l:...t,i
t..
i...-
I

' Ì Sunner lliter Level

I utn..r wlt", tnu"t l

î7

¡::¡
iili

E
rtr
t-

Y

!iGEIìD:

rm
TT

SlIr:

Þ¡oun L¡ey
.....t. -..
Crey Cl ay

l.lc n - C.-.,o n: o.;
Ciãcisi îill

5i1t Ferbic5

Þne.¡¡;i c
Pi c ?,oÞc ta r

Eesa'4: a:tðc

73+

720

c

N

o
o

I

: 7r0

t....

RDD R1V¿R

4+0c

il{orizonÈêl Dls:snce (feet) : i

----.--L 
:--- ---

1".'

2+00

N)

Figure 2



the topographic plan of the Bedrock Surface by RB{Den}o U"arock in this

particular area is in the vicinity of 700 foot elevarion (Geodecic),

which was the approximate elevaËion of Ëhe auger refusals.

13"



3. 1 PIEZOMETERS

The St. Vital site had been previously instrumented by the

Manitoba Water Resources Branch ürith five ttCasagrandert type piezometers"

IniËial examinat.Íon indicated that these piezometers weïe insufficient

in number, and possibly were too slow to respond to porehrater pressure

changes. To overcome these short.comings, five pneumatic piezometers

were Ínsta1led in the autumn of 1968. These piezometers were placed

at various positions on a cross-section perpendÍcular to the river and

at various depths as indicated by Figure 2.

The pneumatic type of piezometer employed at the St. Vital

site operates by measuring Ëhe air pressure required to close a hydra-

pneumatic balance sysËem. The main body of the unit, is constructed of

polyethlene, the main working parts are a belofram of dacron, Buna N"

springs of silicone bronze with baked teflon coating, and a neoprene

O-ring. The tubing for the lines from the instrument to the terminal is

constructed from heavy wa11 nylon enclosed Ín polyvinyl chloride. The

trnTo leads at the read-out termÍnal are easily connected to the control

unit by quick couplings.

Figure 3 is a schematic diagram of the piezometer tip. The unit

has a stiff diaphragm which is slightly displaced upward due to the pressure

of the porevrater. fn order t,o measure the magnitude of the porer^rater pres-

sure, air pressure from the pressure cylinder in the control unit is ap-

plied through Line 2,{. During the pressure buíld-up, the air pressure

flows from t,he control unít via Line 24. past t,he o-ring seal. The flow

CHAPTER 3
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of aír continues up Line 2 back up to the second lead of the control unit.

The returning aír pressure is recorded on a pressure gauge mounted on Ëhe

control unit. trlhen the supply air pressure equals the porewater pressure

the diaphragm is displaced downward, closing the O-ring check. This

closure creates a seal which precludes further flow of air into Line 2.

The air pressure in Line 2 at closure is then equal to t,he porer¡rater

pressure and is recorded on the pressure gauge. The minute movement re-

quired to close the O-ring check causes a slÍght displacemenÈ of water.

A'ccording to the manufacturer a 1/16 ínch linerwhich is open to the aË-

mosphere, allows thÍs minute displacement of water to occur without Rov€-

ment of r¡iater ínto or out of the soil.

The pneumaxíc píezometric uníts r^rere calibrat.ed by the man-

ufacturer prior to delivery in accordance to the required length of lead

for each unit. These units were rê-calibrated at the University of

Manitoba prior to Ínstallation by directly connecting the uniËs to variable

air pressure lines íncorporating sensitive air gauges. The calibration

curves of the piezometers are shown in Figures 23 and 24 of. Appendix |tBtl

and were employed to correct all dat.a monitored at. the site. The calibra-

tion process indicated that greaL errors in readings resulted if the rate

of air flow into Line2A was not regulated carefully. The input air supply

valve had to be adjusted in such a manner as t.o allow a minimum rate of

air pressure build-up. This technÍque prevented an air pressure buíld-up

lag in LÍne 2 and lherefore precluded readings which were less than actual.

The installatíon of these unÍts was símplified by employing

piezometers encased in well-points connected Lo one-inch pipe. The units

were then driven ínto the soil either by a hammer or hydraulic force.

Standard 1 inch \nrater pipe sections were added until the required depth

was reached.

15.
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The installation procedure T¡ras generally as follows:

1) A 4 ínch diameter hole was advanced by means of flight

augers, truck mounted dri11, to \^riÈhin l0 feet of fínal

desired depth of píezometer.

A well-point encased piezometer with adequat.e length of

I inch r^/ater pipe was then positioned at the bottom of

Ëhe hole.

2)

3) Sufficient r^rater r^ras poured into the hole to completely

submerge the well point.

4) The first piezometer installed was driven to the desÍred

depth by allowing a 40 pound hammer to drop in a free fall

of several feeL unto the afore-mentioned pipe. A special

adapter r¡ras connected to the pipe to guide the manual

lifting and free fa1l of the hammer. For the subsequent

installatíons the well-point was forced to the desired

depth by employing the hydraulic pressure exerËed by the

dri 11 truck.

5) The tubing from the piezomeËer unit extended vertically to

within t\^ro to three feet from the ground surface, then

traversed underground at a three foot depth parallel to

ground surface to the Central Pneumatic MeËering Station.

6) In an effort to assure that the unit would be sealed from

the surface and overlying soil layers, multíple coats of

fibre glass were applied to the 4 foot pipe section im-

mediately above t.he unit" The fibre glass layers provided

a pipe diameter slightly larger than the leading well-point

unit and also furnished a rough shaped surface to create a

tight pipe-soi I cont.act.

L7.



The feaËures of Èhis unít that made it appealing for installa-

tion at this site are as follows:

1. The negligible time lag in developing the actual pore

\^rater pressure reading is mandat.ory for the relatively

impervious insitu clays (coefficient of permeability is

ín the order of l0-9 to lO-11 cm/sec)5 existing ar the

site.

2. Clay soíl corrosíon is eliminated by the non-metallic con-

sLruction of the underground porËions of the unit,

3o Two features ÍnherenË of the air system are: (1) elimina-

Ëion of the freezing o,f lines, and (2) allowance for the

lines to be terminated at. a single point to facilitate the

collection of readings.

4, A convenient measuríng procedure as facilitated by the ease

of operation and movement of the light-weight portable con-

trol case.

5. Relative ease of installation as attaÍned by employing

piezometers encased Ín well-points.

Refer to Appendix trcrr for a documentation on various types of

piezometers that are presently being employed. Brief discussions are

given of the operation, advantages, and limitations of each type of pie-

zometer system.

18.

3 "2 SLOPE INDICA,TORS:

Slope Indicators r^rere installed along Lhe profile, as indicated

by Figure 2, one aË SËation 0 * 84 and the other at Station I f 34" The

instrument employed hras the Series 200-8 unit supplied by the Slope In-

dicator Co. of SeattIe, trlashingËon.



The instrument is lowered down an aluminum casÍng which has

four equispaced longitudÍnal grooves, the grooves controlling the or-

ientation of the instrument in the casing. The inclination of the in-

strument at any depth in the casing is determined by means of a pendultnn

activated electrical circuit. The aclual value of the inclinatÍon is

obtained from trüheatstone Bridge readings at the ground surface. The de-

tailed operation of this instrument is presented in the "Instruction
Manualtr issued by the manufacturer. Inclínation readings are taken at

frequent intervals of depth and are subsequenÈly converted to displace-

ments. Consecutive readings at the same depth intervals at periodic in-

tervals of time are used to determine depth and rate of ground movement.

The instrument has a sensitivity of one part in 1000, which means that,

a tilt of as lÍttle as three minutes of arc can be detect.ed. This cor-

responds t.o a lateral displacement of one inch in IOO feet of depth.

aluminum casing was installed at the t,wo locations as in-

dicated above. The 3.18 inch outside díameter casings were lowered into

holes drilled by flight augers. The casings were anchored into the fírm

tÍ11 layer. The void on the outside of the casing hTas then backfilled

with an expansive grout near the base of the hole, and with a sand from

just above the base to the ground surface.

19.



4.I THE RED RIVER

Some of the important. features of the Red RÍver affecting the

stabiliËy of its riverbanks have been cited by BARACOSs and are herein

summarized as follows:

1. The Red River has cut a sinuous path withín a relatively

straight belt of approximately one mile width within the Metro l^iinnipeg

area.

2. The Ëerrain is relatively flat except where the riverbanks

drop 30 to 50 feet to t,he ríver bed.

3. Depth of the river has been limited by the underlying firm

glacial till or bedrock.

4. River velocities are generally low except, in tíme of flooding

when peak velocities range between 5 to 6 feet per second.

5. The river is subject to spring flooding with changes in

level of over 30 feet occurring during major floods and frequently up to

18 feet.

Drawdown following spring peak ríver levels is not immediate,

ranging from two to six weeks. Normal winter level of the river is at a

Geodet,ic elevation of approximateLy 727 feet. The river has risen from 15

to more than 30 feet above normal winter level during Spring flooding.

But since the constructÍon of the Red River Flood Control Structure in 1969

it is not likely that the 30 foot level will be reached again. During the

suûner, the river level ranges from 6 to 8 feet above not:tnal winter level

CHAPTER 4
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as controlled by the locks located at Lockport, downstream from llinnipeg.

This level is maintaÍned throughout the summer, and then late in the

Autumn the river is allowed to dÈop to its normal winter level.

4"2 GEOHYDROLOGY:

The geohydrology of this same area is thoroughly documented

10
by RENDERi- Thís reference refers to a major aquifer underlying the

I,linnipeg area, known as the Upper Carbonate aquifer which occurs in the

top fífty to one hundred feet of the Paleozoic lÍmestones and dolomites

and is confined above by the glacial drift. It is of interest t.o det,er-

mine the effect this aquifer has on the piezometric regime of the river-

banks, The upper 25 feeiu of the carbonate rock of this aquifer is char-

acterized by a network of fractures, joints, and bedding planes which

provides the permeability to make it the zone of most hrater f1ow. The

lower portion of the overlying glacial drÍft consists of boulder till

and associated glaciofluvial deposits which are generally cemented.

The recharge of the Upper Carbonate aquifer occurs in t,hree

main segments:

1. From the east by infiltration in the glacial ti11 upland

east of the lacustrine plain and in the Birds Hill aquifer complex.

2. From the north-vlest via areas of thin glacial tí11.

3, From t.he south-west through a thÍn veneer of glacial till

and fluvíal deposits.

Several observation wells, located in the general area of the

St. Vital Riverbank Test Sit.e, are seated in the Upper Carbonate A.quifer

and have recorded piezometric levels up to 735 feel (Geodetic Elevation).

A,s the bedrock surface elevation at the test sÍte is approximately 700

2L"



feet it ís possible that the piezometric pressures of this aquÍfer sup-

plements Lhe effect of the ríver and groundwater seepage in the clay

zones to create the piezometric regime of the riverbank.

4.3 PORETilATER PRESSURE DATA.:

The locations of the piezometers installed in the riverbank

are shown in Figure 2. The Casagrande piezometers are labelled S"V.l,

S.V.2r S.V.3, S.V.4, and S.V.5. The pneumatíc píezometers are labelled

S"V"6, S.V.7, S.V.B, S.V.10, and S.V.14. Note that the Ëop of the slope

is at Sta. 0 + 00 and the edge of Ëhe river at normal Summer river level

is approximat,ely at SËa. 2 + 00.

Piezometers S.V.3 and S.Y.7 are positioned very close Ëo the

clay-till interface. Piezometers S.V.2, S.V.6, S.V.l0, and S.V.14 are

located at elevation 714 feeË (geodeËic) which is approximately 5 to 6

feet above the clay-ti11 inËerface. The other four piezomeËers are

located between elevatÍons 724 and 730 and are positioned between Sta-

tions0+00and1+48.

Figure 4 shows the

period October, L968 Ëo June,

James Avenue Pumping StaËion,

also shows the pÍezometer tip

piezometer locations.

22.

Piezometer S.V.6 was ínstalled on October 3, 1968 by the manual

procedure previously described. The other four pneumatíc piezometers

were installed on November 29, 1968 utilizing the hydraulic jacking system

of a t.ruck-mounted rotary drilling rig. Only one piezometer, S.V.14,

failed to operate following installation.

dat,a from the pneumatic piezometers for the

1969 and of river levels recorded at the

locaËed 2.5 miles downstream. This figure

and the ground surface elevations at the
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24.

Piezometer S.V.6 operated from October 3, 1968 to December 3,

1968. The recorded porewater pressure \^ras 10.5 p.s.i. at approximately 15

minutes after installation, 10.1 psi on Oct.ober 4th and 5.5 p.s.i. on Oct-

ober 8th. The readings then fluct,uated about this latter value until

December 3, 1968. Piezometer SoV.6 then failed to operate until May 28,

1969 when a porer^7ater pressure of 7.4 p.s.i. ulas recorded.

The autumn drawdown of the river took place from November I to

November 9 of 1968 when the dorrmstream control at Lockport was fully opened,

dropping the river level by 5.5 feet.

The porewater pressures, recorded after the drawdown, by pie-

zometers S.V.7, S.V.B, and S.V.10 indicated that Èhe piezometric levels

at. these locations were hígher than the level of the rÍver from the period

November 30, 1968 to April 6, 1969. In the spring the river rose 17.9 feet

from April 6, to April 15, L969. During this high hTater period the eleva-

tion changes of the piezomet.ric surface for piezometer S.V.8 (piezometer

depËh: 11 feet) and piezometer S"V.7 (píezometer depËh:25 feet) lagged

river level fluctuatíons by 5 to 7 days. The maximum recorded porewater

pressure at piezometer SoV.7 was 12.0 p.s.i. and r^/as measured on May 3,

L969. On this day the river elevation was 744.2 fE. which r^ras a drop of

1.9 ft. from its maximr¡rn of 746.I î.t. recorded on April 26, L969. AË pie-

zometer S.V.8 the porewater pressure during the flood stage attained a

magnitude almost equal to:the height of the river surface or approximately

5 feet above ground surface. A,t Piezometer S.Vo7 the porewater pressure

increase was 7 feet above norrnal trfinter level but was still 3 feeÈ below

ground surface. The piezometric surfaces at the 20 to 25 foot depths

(S.V"7 and S"V.l0) never equalled the elevation of the river level during



the flood stage but were only 5 feet less than river levels at the end of

May at whích tÍme 15 days of drawdown had transpired.

Figure 5 shows the readings recorded from the Casagrande pie-

zometers since early L962. S.V.3 can presently be regarded as being mal-

functional as indicated by the time required for the return of its pie-

zometric level to its natural position following submergence of the plastic

standpipe during Spring flooding and periods of high rainfall. Furthermore

the submergence of the standpipe at. these times has prevented the acquisí-

tion of measurements during periods of major interest. The measurements

taken at piezometers S.V.4 and S.V.5 indicate that the porewater pressures

at these locat,ions remain relaËÍvely constant.

As indicated by Figure 4, the data pertaÍning to piezometers

S"V.7, S.V.8, S.V.10, and river levels for the period December 10, 1968 to

April 6, L969, reveals a downward hydraulic gradient. in the proximity of

Sta. 1 + 50. Thís implies a flow of ürater from the river into the under-

lying glacial LÍ11 layer. The hydraulic gradient appears to have a down-

ward component, with a minor horizontal component in the directíon of the

river. This hydraulic feature had been indicated by RH\DERIO th"r, h"

noted that in central Winnipeg the piezometrÍc surface of the Upper Car-

bonate aquifer was depressed below the Red River and therefore created a

gradient from the river to\^Iards the aquifer.

The horizontal hydraulic gradient component towards the ríver

is vírtually nullified in the zor.e ranging from Sta. I + 00 to Sta. 1 + 50

during periods of high water levels as indicated by the reduction of pore-

úrater pressure aË Piezometer S.V.10 to a value equalling the pressure at

piezometer SoVo7. This results from the high recharge potential created

25.
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by the high river leve1, which significantly increases the piezometric

level in the sectíon of the riverbank adjacent to the river.

Piezometers S.V.4 and S.V.5, which are located at Sta. 0 + 00,

also indicate a slight downward hydraulic gradient for this portion of

the riverbank. Apparently the ríver edge is too far from these pie-

zometers to signifÍcantly affect theÍr piezometric levels. The fluctua-

tions in the river levels are not reflected in the porewater pressures

recorded at pÍezometers S"V.4 and S.V.5.

4.4 SLIP SURFACE OBSERVATIONS

The position of several points of the slip surface were deter-

mined from data deËermíned by the tvro slope indicators, a sub-soils pro-

file, and a ground surface profile. The two slope indicators were in-

stalled on January 13th, L969, at Stations 0 * 84 and 1 + 34 as indicated

by Figure 2. Figure 6 shows the slope movement at. each slope indicator

as recorded on December 17, L969 "

The most significant feature revealed by this data was that

the failure zone existed immediately above the clay-ti11 interface, at

least between Sta. 0 * 84 to Sta. I + 34. This segment of the failed

section is moving in a lateral motion tor¡rards the river and moved at a

rate of 3.25 inches per annum in the year L969.

The ground surface-slip surface intersection was readily in-

dicated by the scarp at Sta. 0 + 09 (Figure l). Ground surface cracks,

further down the slope, which were in a direction paralleli to the river

also indicaËed some internal movements and disturbances within the failed

section. Since the locatÍon of the faíled surface r^7as not vÍsible at the

toe, the resulting assumption postulated that Ëhe failure surface terminat.ed

beneath the waËer leve1.
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5.1 SLOPE STAS]L]TY THEORY:

The slope stability analysis used was the limit equilibrium an-

alysis. This form of analysis compares the shear strength mobilized along

the slip surface to the shear strength available on thÍs same surface.

Three met.hods incorporat.ing the lirnit equilibrium analysis are (l) lledge

Method, (l) FrictÍon Circle Method, and (3) Uethod of Slices.

The trüedge Method can be used when the failure surface can be

descríbed by several straight lines. A. detailed description of this method

is given by SHERARD et, al 11, Corp" of Engine 
"trl2, 

and SULTA,N and SneOl3 .

The Friction Circle Method considers only the whole free body and makes as-

sumptions regarding the distribution of normal stresses along the failure
L4

surface. A, general description of Ëhis method is given by TA.YLOR .

The 'Sdethod of Slicesr', which is the most widely used method,

divÍdes the free body int.o a number of vertical slices, and the equilibriurn
1of each slice Ís considered. This method was developed by FELLÐ{IUS in

Sweden in about L927. Further developments of this rnethod are presented
2Lst63L7by BISHOP, ì4ORGB{STERN and PRICE , SPB{CER, JA}IBU-, and BELL- 

"

5.2 CIRCUI,A'R A,RC SLIP SURFACE METI{OD OF SLICES:

Essentially the rtMeËhod of Slicestr consisËs of analyzing a sec-

tion of a riverbank or embanlqnent and considering the equilibrium of the

entÍre section. A. sËat.ica1ly indetermÍnate problem prevails, and a set, of

assumpt.ions are required to reduce the number of unknown variables to make

the problem statÍca1ly determinate. This approach implies firstly that a

CHAPTER 5
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range of possible solutions exist and secondly that knowledge, experience

and intuition are required to det.ermine which solution is most realistic.

The t'circular arc slip surface method of slicestr assumes thaË

the slip or failure surface is circular, or that the failure surface

can be approximated as being circular. This assumptÍon greatly sim-

plifies the general soluÈion, in that the equilibríum of the sum of the

moments for the entire mass can easÍly be computed about the center of

the circular arc. The moment of the drÍving force is equated to the

moment of the resisting force. The driving force is the total weight, w,

of the embankment as illustrated in Figure 7, whereas the resÍst,ing force

is the rnobilized shearing sÈrengËh of the soil, S*.

Figure 7(a) tllustrates the forces acting on a single slice

that would exist in the dashed portion of the embankrnent section of Figure

7, The forces acËing on such a slíce are as follows:

1. The Ëotal weight of the s 1ice, trrl.

2. The total reacËÍoo, p, normal to the base; lhe two

components of this force are:

(Í) the force, Pt, due to the effective or inËer-

granular stress, and

(ii¡ the force, U, due to the porewater pressure,

and is equivalent, to uL.

lühere:

30,

u : unit porewater pressure, and

L : length of base of slice.

b : slice width.
tt

Therefore p : p * U or p : (p * u)L
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a The mobilized shear force as defined by coulombfs shear

strength equation:

s* : cjl + Pt tan Øt
FF

I,{here:

t
c

t
Ø

The definítion of the Factor of Safety is as

fo I lows :

U _ available shear strength
shear strength required for equilibrium

4. The horizontal interslice forces H' and Hn + l.
5o The vertícal int.erslice forcesV' and Vn + l.
In the circular arc slip surface method, the safety factor is

obtained by summing the moments about the center of the failure arc. The

difficulty begíns with the attempt to evaluare rhe distribution of rhe

effectÍve normal reaction to the base, pt, along the slip surface"
t

P is determined in the ftFellenius Method of Slices, by summing

the forces of a slice Ín a direction perpendicular to the slip surface.
The derived equation for the Factor of Safety is:

: cohesion ín terms of effective stress.

: angle of shearing resistance Ín terms of

effective stresso

the Factor of Safer,y for the stability of the

s lope.

Er_

32.

By summing lhe forces perpendicular to

sumption Ís that the inter-slíce forces

F_
I l{ sin o<

1 
-r 

tI cb secô<+ (I,tr cos o<- ub sec o<) ta" øl

Lhe slip surface the implied as-

actÍng on t,he sides of any slÍce
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have zero resultant in the direcËion normal to the failure arc for that

slice" Error results in t.he calculation of the Factor of Safety as the

angle between the base of each slice and the horizonÈaLrd, is not con-

stant. Furlher error results if the angle of shearing resisfance, Ø ,

varies. The error increases with the increasing central angle of the

failure arc, because the value of Pr is underestimated along the steeply

inclined portion of the failure surface. Pt may become negative at this

steeply inclined portion if a large pore\^/ater pressure force, u, exists.

Errors as high as 60% (Ref. 18) can result for problems with deep faílure

surfaces and high porewater pressures.

In the ItBishopts Method of Slicesrt (Ref. 2), Pt i" d"t"rrnined

by summing Ëhe vertical forces of a slíce. the derived equation for the

Factor of Safety is:

F: -- 1- > h'b + tan p' [w-,ru) + (vr, - v ,.)l \ ]' >t^r si" o( .- lt (w-ub) + (vn - u"*r)J 
/ , . affi r"""<lTT_-J

This equation implies that an initíal assumption of Ëhe dis-

tribution of vertical forces is required. Furthermore, Ëhis distribution

of vertical forces is to be adjusted unËi1 equilibriurn conditions are

fully satisfied for each slice.

This type of solut.Íon requires lengËhy compuËations and ad-

justments Èo obtaín the final safety factor. This equation was then mod-

ified to yield the trSimplified Bishopts lulethod of Slicest'by assuming

that the inter-slice forces acting on the sides of a slice have zelo re-

sultant in the vert.ical direction for that slice. The equation for the

factor of safety reduces to:
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But sínce the resultant of the inter-slice forces does not act. in a

horizontal direction for all slices, the calculated Factor of Safety

is in error. Studies by BISHOP2, I^IITHMAN and MOOREIg, and I¡JITHMAN

and BA"ILEY18 h",..r" shown that this error is 7% or less and usually

only 2% or less.

5.3 NON-CIRCULAR SLIP SURFACE METHOD OF SLICES

The |tJanbu MeÈhod of Slices for a Composite Surfaceil (nef. 3)

was employed to calculate the Factor of Safety for the cases where the

slip surface could not be approximated by a cÍrcular arc.

In the derivation of the equation for chis method the moment

of equilibrium of each slice is t.aken about a point, C, as shov¡n in Figure

8. The point, C, is at the intersection of the four vectors, W, ì- + iL,n

È'+t + in+', and F* 3*. A resulting moment equation about point c is:

[l' -Hn+rEano(r] 
å:o (t)l'n*l

L

This equation implies that the posit.ions and dírection of the

resultant of the inter-slice forces actíng on the slíce must be knou¡n in

order to produce a statically determinate solution. As these are not

positively knornrn in advance, they must be chosen by trial and error such

that the final solution results in static equilibria. Sunrning the forces

in the vertÍcal direction yields:

f" -(urr*, - u")] - (u + pt) L coso(- s* L sino(: O (z)
L]

Summing the forces in the horizontal direction yields:

H -H .+(u+pt)Lsino<-S Lcoso(:O (3)
fl. n+I - m

rw-"u l)
I f t.an Ø- tan o<

sec q

F
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The Mohr-Coulomb equation defining shear strength is:

s:d+Pttarrpt
mFF

The complete derivation of the solutíon incorporating the four

basic equations above is as follows:

Substitute (a) into (3) and divide by b:

l-I{ - (v, - v ) - u'l - .t rand
_ln*InlE-p': L b J.

I * t,an o<tan Ø

F

Substitute (5)

s L :.f"'¡ * iwt- IM LF L

Multíply

IH
L n*l

into (4) and multiply by L:

-(v -v)-ul r"r,ø' ìn+InJ¡)

(Z) Uy Lano¿and equate to (1)t

n"]: 
[" - (ur,*, - u")] rano(- t,nt

cos o<

üIhere :

ãc

s:lr^I- (v
L n-r

a:["'u * lw'i

The summation of the horizontal inter-slice forces,must equal

zero f.or t.he condítion of horizontal equilibrium Lo exist. Therefore

(4)

ffil
t ------il-r

X,trr*, - nr,) : 0 and equation (7) becomes:

u I{.'o * ["-(u"*, - u"> - u] ."" ø'] *l- :
Z[w - (ur,*, - ur,)] tanè<

e tano<tan Øl ,
Where: No: cos'o< (1 * F )

I
ffi- , -----t--,

(v

v )l tanonl
n*t - vr,) - u] ta" øt]

:B-A
F

Equation (8) is Ehe Factor of Safety by the Janbu Method and

is not readily determined as Ëhree unknowns, exisE; namely F, Vr.r, and Vn+1 .

(s)

(6)

(7)

>é
Xs

(8)
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Figure 6: FORCES ACTING ON A SLICE



An initial Factor of safety, Fo, is determined by assuming that the re-

sultant of the vertical inter-slice forces equal zero. Equation (8) be-

comes, 
.llr tl I

F _Z- b b + (trr - ub) ran Ø J N"< : y¡
o | tr'I tan c( 13 (9)

a, reiteration process is required for solution it:" rhe presence of F

on both sides of the equation" Thís initíal solution is similar to the

'tSimplified Bishoprs Met,hodrt as it implies that the resultant interslice

forces acË in a hori zontal direction"

To strive for a rigorous solutÍon ímplíes that some commitË-

ment must be made at this point to defíne a function describing the posi-

t.ions of the inter-slice forces. This is accomplished by positioning a

1ine, knornm as the rtline of thrust't, throughout the analysed section which

defines the location of int.er-slíce forces. The line of thrust is generally

assumed to exist either through or somewhat above the lower-third point

of each slice in consideratÍon for the physical capacity of the soil to

withstand tensile forces. Since this line defines the direction of action

of the inter-s1ice force vector at any horizontal co-ordinate in the sec-

tÍon, the calculation of tano<ar (as per figure B), can be performed for

each s lice.

37.

on the

SÍnce boundary

mass, then:

V_:0andH:II
v,.: =S dV:n+t ¿_

o

H : rs¿H:n*l Lö

Substitute (fl)

conditions imply that no external forces act

0

n
T

o

nI
o

atn:

( un*,

and therefore:

v)
n

(H -H)n+l n

and (7) into (1):

( t0)

(11)



Employing equation (L2), values of Vrr+l are calculated for all

vertical sectÍons between each slice, and a modified Factor of Safety is

determined from equalion (8). This procedure is repeated until the re-

quired degree of accuracy is obtained.

Furthermore, as the calculaÈion process yields values for the

vertical and horizontal inter-slice forces, their magnitude and direction

of action should not imply a physical imbalance. If the imbalance exists,

then a modification of the line of t.hrust is rnandatory as well as another

set of computations t.o det.ermine a revised value for the Factor of Safety"

5.4 SHEAR STRENGTH PARA-METERS:

Sínce insitu porernrater pressures \^rere employed in the stability

analysis of the riverbank, only soil shear strength parameters in terms

of effectÍve stress were considered. A" typical clay in the hlinnipeg area

develops a stress-sËraÍn curve as shown in figure 9, (Ref. 22). This type

of curve also exhibits the shear strength of a cLay ax a relatively

large strain and can best be produced by drained direct shear tests.

Figures 9 and t0 illustrate Ëhe ttpeaktrshear sËrength parameters which

occur at maxímum shear stress, and thertresidualrt shear strength paraneters

whích exist along the sheared plane of the clayo

Skempton20 h"" observed for overconsolidated clays that in the

transition from peak to residual, the cohesion intercept. disappears com-

pletely and the angle of shearing resistance decreases from I to l0 de-

grees. Direct shear Eests conducted on a clay from a site at the Uni-

versity of Manitoba by MUIR21, indicated average rtpeaktr values to be

V : tanÕ(n+l t
n

:
o

(B- A)
F

38.
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Figure !: STRESS-STRA.IN CURVE
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Q : L4 , c :3 p.s.í., and the averagertresidualrrvalues to be

..ô r - B
Ø R: 13", c R 

: 0" Tests conducted on Manitoba clays by SUTHERI,AND at

Glasgow indicated a much great.er reduction in the transiÈion from rrpe¿krr

to rtresidualtr shear strength (see Table 2)"

Mechanisms possíb1y responsible for this strength reduction

as proposed by SKEMPTON20 ,r,.lude:

1. The macroscopic fissures, joints

sent in many clays, act as díscontínuous planes

strength parameters approaching residual values.

2. Furthermore these weak planes act

because additional stress is Ímposed on the clay

3. It is possÍble that shear creep,

of stresses applied over perÍods of years, does

strength as measured by laboratory tests where

in several weeks.

4. Reduction in strength of a clay at shallow depths can re-

sult from seasonal varÍations of r^rater content and temperature.

Regardless of the inÍtiat.ing mechanism, the strength along the

developing slip surface eventually approaches residual values. Therefore

it appears to be logical t.o usertresidualtrstrength parameters in an-

alysing the long term slope stability of riverbanks that. have previously

failed but now appear to be stabílízed.

5.5 COMPUTER PROGRAM

40.

and slickensides, pre-

of weakness with inherent

as stress concentrators

at some other point.

which is the application

As a part of this Ëhesisr â slope stability computer program

was developed to achieve the following objectives:

1o To conduct circular arc slip surface analyses by the

Fellenius and Simplified Bishopts Methods.

not produce as high a

t.he stresses are applied
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2. To analyse non-circular slíp surfaces by the Janbu l"lethod.

3. To obtaÍn the results of (l) and (2) quickly and wirh a

high degree of accuracy.

To accomodate Èhe computer program, the profile of the slope

is described by a series of straight lines. Straight lines are also em-

ployed to describe soil layers, hrater surface, piezometric surface, other

structures or loading conditions pertÍnent to the analysis. In the case

of the non-circular slÍp surface analysis, straight lines also describe

the thrust líne and slip surface. A.'rmaterial typettnumber is assigned

to each straight line to enable the computer to recognize the function of

each line during the analytical process. Logical arrangement of input

data facilitates the physical simulation of the majority of conditions

Ëhat can be encountered in the field. The flexibility of the program is

illustrated by the following summary of avaÍlable optíons:

1. AnalysÍs type:

(a) SimplifÍed Bishopts Merhod

(b) Fellenius (Simplified, or Swedish Circle) Merhod, or,

(c) Janbu Method.

Shear Strength Parameters:

(a) Total Stress , or t

(b) Effectíve srress.

t

3. Pore trrlater Pressure Description:

(a) Piezometric Surfac e, andfor,

(b) Pore water pressure parameter for each soil type.,

The program takes into account the effect of vertical exËernal

loadings. Lateral forces induced by earthquake or other vibrational

actions are excluded.
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The program documentation,

presented in Appendix JrArto

which is essentially a trUser I s

42.
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CHA?TER 6

SLOPE STABILITY ÁNATYS]S

6. T GM{ERA"L

It may be postulated that the original riverbank existed with

a stable natural slope steeper than at present. The original strength

of the clay in the ríverbank would have been at the 'rpeak'r state as found

for the undisturbed clay samples. The decrease in strength with time,

however, led t.o the development of a slip surface or slip zone that in-

duced slope movement as a result of local stress concentrat.ions and over-

s tress ing.

The overstressing condition was probably developed by â cofir-

bination of the following factors:

1. The progressive action by river currents andfor massive

ice movements causing erosion at the toe and thereby re-

sulting in an equivalent steeper slope.

2. The occurrence of. a píezometric condition that induced

sufficient strength decrease lo generat.e a faÍlure.

The first contríbuting factor as cited above is self-explan-

atory and is evident at various locations along the Red River. But the

second factor Ís more complex and requires piezometric data for several

years to determíne the most severe porer¡rater pressure condition. Heavy

precipitation, severe and rapid drawdor¿n following high river levels

could create a piezometric regime within the riverbank to sufficiently re-

duce the strength of the insitu soil to initiate a failure.

It is possible that the porewater pressure developed within the

local riverbanks are not attaining magnítudes as high as have been ex-
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perienced in the past. Three factors which account for this are:

l. Downstream Control Structure at Lockport,

2. Red River Floodway and Portage Diversion, and

3 . Ground i¡'Iater lüe 1ls .

The planned control of the river level by the downstream con-

trol strucËure at Lockport, creates tr^ro features which have a dírect re-

lationship on the stabÍlity of upstream riverbanks within central

I'Iinnipeg. The fírst feature occurs generally in May, fo1lowÍng peak flow

levels, when the gates of the cont,rol structure are positioned to maíntain

the river level at the specified suÌìmeï level of approxÍmately six feet

above winter river level. The employment of the gates aË this time min-

imizes a potential danger due t.o the retardation of the natural drawdown"

The second significant feature occurs Ín the begÍnning of November when

the gates are suddenly opened, and the river is allowed to drawdown,

without restraint, approximately six to seven feet" As índicated by Figure

4, drawdown T¡/as relatively rapid (a period of nine days) and it lowered

the level of the river below the piezometríc level of the clay-till inter-

face within the riverbank.

The second factor, which has been fully effective only since

early L970, consists of the part.ial diversion of the Lwo rivers traversing

t.he city of l^Iinnipeg in an attempt to control, within reasonable limits,

the rÍver levels at time of potential Spring Flooding" This antÍcipated

temperance implies a reduced maxÍmum river height during peak flow periods

and Eherefore minimÍzes the potential of experiencing a critical instant-

aneous drawdown.

The most significant of the three factors previously referred to
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is that of the local ground \^/ater wells. RnrDERlO, illustrates gra-

phically the estimated groundwater pumping rates withÍn Met.ropolitan

üIinnipeg sínce 1890. rn summary, the purnping rate rose steadily to a

peak of 10 rnillion gallons per day in 1919, and then abruptly dropped

to approximately 1 million gallons per day in that same year. since

then pumpage has increased to the present rate of 8 million gallons per

day. The significance of the pumping rate is that it has a direct.

effect on the level of the piezometric surface of the Upper Carbonate

aquifer, which is the main aquifer, for the local ground urater wel1s. The

existence of fissures ín the dolomitic bed rock and the cemented glacial-

ti11 could provide a contact between the clay layer of the riverbank and

the Upper Carbonate A.quifer. This contact could cause the piezometric

level in the aquifer to be reflecËed in the piezomeËric level of the clay-

ti11 interface. In central lüinnipeg, which is the area of maximum pumpage,

the piezometric surface of the Upper Carbonate aquifer has been depressed

extensively' rn Ëhe general area of the st. vital riverbank this pie-

zometric surface had fluctuated in Ëhe range of 700 to 725 feet (Geodetic

Elevations) during the years 1964 to 1968 inclusive. The minimum level

occurs in the sunmer as the major portion of ground hrater is employed

for the purpose of aÍr conditioning. Therefore this artifically produced

depression of the Upper Carbonate layer piezomeËric surface indirectly

enhances the stability of the riverbank as this depressed surface is

responsible for the existence of the predominantly downward hydraulic

gradient that was observed within the St. Vital riverbank. Conversely,

íf the pumpage was of insufficient magnitude to sígnificantly depress the

piezometric surface of the underlying aquifer the predominat,e component of
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the hydraulic gradient withín t,he riverbank would be other than dorn¡nward.

This implied geohydrology condition would generate ríverbank instabilities

at a greater rate than exists at present.

6,2 CIRCUI,A,R SLIP SURFA,CE ANALYSIS

The slope stability analysis, conducted for the riverbank,

assumed its most probable critical condition to correspond with the river

leve1 at its low rrhlintertr level and the piezometric surface to correspond

to that determined for the clay-till interface. Near the toe the pie-

zometric surface \^ras near ground surface and then leveled off to elevation

735 further back into the ríverbank.

The Simplified Bishoprs Method and the Fellenius Method as pre-

viously discussed in Chapter 5, were used for the analyses. All compuEa-

tions were handled by the Computer Program described in Chapt.er 5. Since

the slope indícators revealed that the slip surface existed at the clay-

ti11 interface each analysis was conducted with the circular arc tangent

to this interface.

The resulting ttfactor of safety't contours are shown in Figure

ll (Simplifíed Bishoprs Method) and Figure 12 (Fellenius Method). Both

methods indicated that the implied criticâl circle r/,/as near the toe of

the slope that had a Localized approximate slope of 3.5 to 1. The min-

imum calculated factors of safety were 0.74 by Simplified Bishoprs Method

and 0.45 by the Fellenius Method" But the slope indicator data indicated

that the position of the actual slip surface did noË correspond to the

theoretically implied positions. The factors of safety for the slip sur-

face passing through the t\^ro control points as indicated by t.he rtslope in-

dicatorsr'(referred to as slíp surface No. 1, Figures 1l and 12) were
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Figurelì;: FACTORS 0F SAFETY BT',SIMPLIFIED BISHOP'S'r I,IETHOD
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Figure 12: Fi'CTORS 0F SAFETY 3Y "FELIH,¡IUS" I'IETHOD



appreciably higher than those calculated for the implied critical slip

surface (s1ip surface No. 2).

But it should be noted that the shear strength parameters used

were typical effective rrresidualt' values ("t : 0.0 psi , Ø' :1lo) for

i,{innipeg clays. These parameters r¡rere only partly valid for slíp surface

No. 2 as the major segment of the circular arc actually passes Lhrough a

relatively undisturbed soil zone whích implíes shear strength parameters

approaching rrpeak't strength values.

But effectíve rrresidualrr shear strength values can be applied

to slÍp surface No. 1, which is the best circular arc approximation of

the assumed slip surface" A, factor of safety of 1.3 was given by the

Simplified Bishoprs Method and L.2 by the Felleníus MeËhod. The factors

of safety by these two methods were in excess of unÍty, even though the

riverbank was in a stat.e of movement.

The unsatisfactory aspect of these analyses is that the shape

approximation of the slíp surface by the circuLar arc is not compatible

with a relatively long gentle slope and relatively shallow position of

Lhe failure or slip zone. Arr improved shape approximation, as indicated

by slip surface No. 3 of Figure 11, complies with the control points of

the rrslope indícaËorstr, conforms to the fracture evident, at the main

scarp, and the geometry at the toe of the bank.

6.3 NON-CIRCULA-R SLIP SURFACE ANA"LYSIS

The non-circular slip surface analysis was conducted to eval-

uate the stability of the riverbank by employing the failure surface

shape approximation as indicat.ed by field observations as by slip surface

No. 3 of FÍgure 11" The modified approximation as shown in Figure 13

/,o



is actually that of the Sliding Block

is divided into three parts, an upper

and a passive wedge. The approximate

surface was determined as follows:

1. NeuÈral Block: Slides on a horÍzontaL plane at the ap-

proximaËe depth as indicated by the 'tslope indicatorsrr.

This plane exists in the clay layer immediately above the

glacial till layer.

Upper A.cEive hledge: Commences at the slip surface-ground

surface intersection at the main scarp, then proceeds

downwards at an angle of 45o + Øt /Z from the horizontal.

Passive Vüedge: Commences at the toe of the riverbank,

then proceeds downwards at angle of 45o - Ø'/Z from the

horizonta 1.

Analysis where the sliding mass

active wedge, a neutral block,

location and shape of the slíp

2.

a

Applying the same piezometric surface as in the previous cir-

cular arc analysÍs, and assigning residual shear strength parameters to

the soil in zone of the slip surface, Ëhe sliding block was then anaLyzed

by the Janbu Method of Slices. The equations employed are as ín Chapter

5 and computatÍons were facilitated by the computer program. An initial

assumption üIas that the resultant of the interslice forces r^rould act pre-

dominantly in a horizontal direction and therefore the thrust line was

defined to act horizontally. Figure 13 illustrates the results of the

analysÍs which gave a factor of sáfety of L.L2. The plot illustrates

the magniLude of Ëhe horizontal interslice forces along the entire length

of the section and reveals a peak at the transÍtion plane of the Active

and Neutral Blocks. It is apparently obvious that the abrupt change in

50.
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Figura Ir: Initial Sliding Block Analysis
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dírection of the slip surface has accounted for the implied stress con-

cent ration.

To evaluate i¿hether this implied stress concentration could be

sustained by the soils within the riverbank t.he equatiòn Ean Qt tuO,O -
I(Ur,*, - c d)/ttr.,*l ü/as employed (Ref. 18). This equarion analyses the

vertical forces along the vertical sides of slices to determine whether

the requíred shear sËrengËh to provide equilibrium does not exceed the

available shear strength. The comparison of the required Ø' to the avail-
t

abLe Q is useful to assess the assumed position and direction of the

rrline of thrustt' wiËhin the riverbank.

Typical effecÈivettpeaktt shear strength values of cr:2 psi
to

and Q : 16 l^rere assumed Eo exist along the vertical sides of the slices.

As shov¡n by Figure 13, the rigorous Janbu equations calculated the vertical

inter-slice forces to be equal to zero. This was due to the inítial as-

sumption that Ëhe trline of thrust'r acted solely in a horizoîtal direction"

Therefore no shear strength was required on the vert.ical sides of the

slices. since r 
"t 

of 2 p.soi" and a Qt of. 160 was available it \^/as as-

sumed that t,he calculated FacËor of safety was underestimated.

A more rigorous Janbu meËhod of analysis was required to enable

the thrust line to be modífied, as shown in Figure L4, such thaÈ the in-

terslice forces had horizontal and vertical components. The initial posi-

tion of the thrust line was selected t,o allow the interslice forces to act

approximately l/3 of the l^/ay up the slice to prevent t.he development of a

tension zone on the soil column. The resulting factor of safety of 2.77

was much Sreater than the previous analysis even though the same soil shear

strength paramet.ers and piezomeÈric conditions prevailed. The plot of the
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magnítude of the interslice forces in Figure 14 again revealed a stress

concentration. FÍgure 14 revealed that the requi red Qt greatly exceeded
t

t.he available Ø at Èhe implied zone of stress concentration. Therefore

the assumption that the thrust line acted ín the directÍon as shown in

Figure 14 was incorrect and implied that the resulting Factor of Safety

was also in error. The large calculated factor of safety was misleading

as an excessive stress concentratíon implied a state of inequilibríum.

Figures 15 to L7, inclusive, are the results of further an-

alyses in an attempt to obtaín a realistic factor of safety such that

the final posítion and geometry of the slip surface and the thrust line

yield a solution with a realistL. Ø' - - on the vertícal sides of the
reqt d

s lices.

The first modification made to the rough Sliding Block assump-

tion was the smoothing of the slip surface at the transition zones beËween

the neutral block and the active and passíve wedges. A" factor of safeËy

of 1"18 was obtained. This compared very closely to the previous âri-

alysis with the horizontal inter-slice force assumption. The analysis

of Figure 17 gave a factor of safety of 1.43 with the positioning of the

thrust line at the lower l/3 point of the slice. A' horizontal thrust

line was assumed near the top of the slope as it was assumed that the soil

near the surface was not capable of sustaining vertical int,er-slice forces

due to the existence of tension cracks. The resulting factor of safety

r¡Ias slightly on the high side due to the relatively high required øt on

the vertical sides of the slices for a portion of the slÍp surface.

The tríal analysis of Figure 18 is analogous to Ëhat of Figure

17 except that the effective angle of shearÍng resistance vras reduced
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from 11 to 9 . The factor of safety \^ras reduced from 1.43 to r.L7"

The effect of employing shear strength paramet.ers approaching 'pe¿krr

values, as in Figure 19, was to drastically increase the fact.or of

safety Eo 2.65.

The final result usÍng the rigorous Janbu method is illustra-

ted in figure 20 where:

1. Effective rrïesidualtr shear strengt,h parameters of ct : 0

and Qt: 11o ruru assigned to the soil Ín the region of the

s lip surface.

2. Effective r¡Peakrt shear strength parameters of c : 2 psi

and. Qt : 16o were assigned to the portions of the clay layers

not in the slip surface zone.

3. The piezometric condÍtion was that of the assumed crit-

ical case.

4. The slip surface I^Ias that of the rnodified Sliding Block

assumpËion and is in accordance with field observations"

5. The thrust line was in a position as determined by trial

and error. Its resulting characteristics were primarily as

follows:

r) Vertical location slightly above the lower l/3 co-

ordÍnate due to the capability of a clay with an effect-

ive cohesion of 2 p.s.i. to sustain some tension.

b) At the top of the section tension cracks were assumed

to exist to the l0 ft. depth; therefore verËical compon-

ents of interslice forces in this zone vrere set equal to

zeto.
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6. A total statical equilíbrium condition
I

required p along the verËical sides of the

iably less than the available 160.

7. The resulting factor of safety for the

riverbank was 1.39.

Note: The inirial sliding block approximar,ion wiÈh the

horizontal inter-slice force assumption resulted in a factor

of safet.y of 1. 12 which is conservative by 20%.

Theoretically the more correct solution should be that of the

rigorous Janbu method '¡hich gave a factor of safety of 1.39. But as the

riverbank was in a state of movement, a safety factor of unity should

have been obtaíned" This indícates thaË the effective residual shear

strength parameters used in the analysis were higher than those available

in the actual slip surface.

Two further analyses in Figure 20 and ?-L reveal the effect of

various piezometric surfaces. These illustrate the effect of the pie-

zometríc level within the riverbank. A. low phreatic surface gave a

factor of safety of 1.64, and a higher phreatic surface gave a lower

safety factor of 1.23.
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T¡7aS evo lved as the
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CHA.PTER 7

CON CLUSIONS AN D RECOMMM{DATI ONS

7.L CONCLUSICÍNS

The initial evaluation of the well-point equipped pneumatic

piezomeLers Ís as follows:

1. The ínstallatíon process is simple and quick as it elim-

inates the Ëedius and time-consuming effort required for the piezometer

installations which require backfi1l.

2. The pneumatic system allows the lines of a set of pie-

zomeLers t.o be Ëerminated at one central location.

3. This central read-out location can be positioned ,¿here

is not vulnerable to f looding. Inundation r¡ras a major problem withir

Ehe Casagrande piezometers at the St. Vital

4. The measuring procedure is a

portable control case can easily be carried

tions.

60.

5. The aÍr system eliminates the freezing of the lines.

6. The non-displacement feature of the staff diaphragm within

the piezometer unit eliminat.es time lag which is so evident of the reg-

ular Casagrande type piezometer in the relatively impervious clay.

At their location, the two installed 'rslope indicatorst' clearly

established the position of the failure plane. Furthermore, the rrslope

indicatorrr data was precise enough t.o determine a rate of riverbank move-

ment.

site.

simple operation as the light

to the piezometer installa-

The riverbank has a fully developed failure or slip plane as

it had experienced a slope failure and was then partly stabilized. The
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rrslope indicators" indicated that the riverbank is still moving at a

slow rat.e and that the failure zone is largely in the clay layer im-

mediately above the clay-glacial ti11 interface. Recognizing the relative

gentle slope, t.he position of the slip zone, and Ehe location of the main

scarp, it then follows that the riverbank is undergoing a predominantly

lateral motion as opposed to a rotat.ional slip failure. The best shape

approximation of the slip zone or surface is that defined by a three

block sliding syst.em. The slip surface underlying the upper active block

commences at the main scarp and i:he slip surfac.e underlying Ëhe passive

block terminates near the toe of the slope. The slip surface underlying

the neutral block is in the nearly horizontal cLay Layer immediately

above the clay-glacíal ti11 interface.

Initial porer¡rater pressure readings from the pneumatic pie-

zometers indicated the following:

a) In the period from November, L968, to the beginning of

A.pri1, 1969, the major component of the hydraulic gradient

wíthin Lhe riverbank was downward. There also appeared to

be a minor horizontal flow patÈern to the river.

b) During Ëhe Spring flood period (April and May, 1969) the

major seepage flow was from the river downward into the under-

lying glacial ti11 layer.

During the flooding period of A,pril and May of L969, the river

level rose only to a Geodetic elevation of. 746 feet and stayed at this

level for only ten days. In previous years t.he level of the river has

crested at elevations as high as 759 f.eet and then remained near this

level for several weeks. Therefore the pore\^rater pressures developed in
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this period were assumed Èo be not as high as were developed during the

major floods of previous Years.

The assumptions of a circular arc slip surface in both the

Fellenius and Simplified Bishoprs methods \^las shown to be aÈ very besÈ,

a crude approximation. These methodsr êmPloying the measured porewater

pressures, and typical effective residual shear strength parametels for

I,,Iinnipeg clays, gave safety factors in excess of unity, although flovê-

ment r^ras Laking place. The Fellenius Method gave a Factor of Safety of

1.2 and the Simplífied Bishoprs Method gave a Factor of Safety of 1.3.

The Janbu Method '¡hich may be considered to be a superior an-

alysis due to its capability of accomodatíng more closely the observed

shape and position of the slip surface, also did not give safety factors

equal to or less than unity when movement i¡/as observed. The rigorous

Janbu merhod (Figure 20) yielded a safety factor of 1.39. The simplified

version of this rnethod (Figure 13) gave a safety factor of 1.12.

In summary, four different analysis produced safety factors

ranging from l.I2 to I.39, using identical soil strength parameters and

pore\^rater pressure condit.ions for a case where the safety factor should

be equal to or less than one. The discrepancy could be explained if the

soil strength parameters vrere over-estÍmated. However it may also re-

flect that the methods of analysis are not that exact to produce a better

correlation. A.lthough the porewater pressures \¡Iere carefully measured,

it can be argued that had more píezometers been precisely located on the

slip surface, higher porewater pressures might have been recorded and a

better correlation produced.



7.2 RECOMMENDATIONS

Potential research projects and recommendations resulting

from this investigation at the St. Vital rÍverbank site are as follows:

l. Continued monitoring of the pneumatic piezometers is re-

quired to deternine additional poreT^rater pressure con-

ditions within the riverbanks. A. longer period of meas-

urement is required to confidently establish critical

piezomet.ric periods. AdditÍonal riverbanks should be in-

strumented to establish a pattern in the lüinnipeg area.

At least three to four rtslope indicatorst', strategically

located, are required at a site to accurately locate and

determine the shape of the slip surface.

A'dditional drained direct shear tesls are required at the

St. Vital site to determine the actual effective residual

shear strength parameters for the soil withÍn the failure

zone.

2.

3.

63.

4. A.n investigation should be undertaken t.o correlate the

position of the píezometric surface of the Upper Carbonate

aquifer to the piezometric surfaces within the overlying

lacustrine deposíts, particularly at the clay-till ínter-

face. It is possible that t,he Upper Carbonate aquifer and

the clay-glacial ti11 interface have contact through fis-

sures in the dolomitic limestone bedrock and cemented gla-

cial till. The present, low piezometric surface in the

Upper Carbonate aquifer in the Central I'Iinnipeg area and the

downward hydraulic gradient in the riverbank at the St. Vital
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sit.e strongly indicates that there could be a correlation.

A. major advancement in the analytical process would be to

modify the included Slope Slability Comput.er Program to

render it compatible to a cathode-ray-tube display unit.

This unit or scope could Ehen portray the geometry of the

slope to the engineer. By employing a pen light the en-

gineer would have direct man-machine communications whích

would a1low him to quickly modify the geometry, desígn,

shear strength parameters, pore\^rater pressure factors,

and boundary conditions as díctated by his technical

crit.eria, knowledge, logical intuition, and the compuÈed

results of the preceding assumptions.

5.
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APPEI{DIX I'A It

68.

I'USERIS MI\NUAL''

for the

Computer Program

ITSLOPOTT

(SLOPE STA3]LITY PROGRAM)



A-1 ]NTRODUCTION

The Slope Stabilíty Computer Program conducts a slope sta-

bi1Íty analysis by the Method of Slices technique by either one of

the followÍng options:

I. S]MPLIFIED BISHOPIS METHOD OF SLICES

2. FELLNIUS METHOD OF SLICES

3O JANBU METHOD OF SLICES

The geometrics of the ground surface profile, soil layers,

T^7ater level, and boundary loadings are described by a series of straight

lines. Straight Iínes are also employed t.o describe the piezometric

surface, and for Option 3 straight lines describe the thrust line and

the slip surface. tMaterial typerrnumbers are assigned to each line to

enable the computer to recognize Ehe function of each line. Except for

those línes describing the piezometric surface, thrust line, and non-

circular slip surface, the ttmaterial-t.ypert describes the mat.erial ex-

isting immediately above the line. Either trtotalrr or t'effectivetr shear

strength parameters can be selected. In the analytical process the

section is divided into equal slice widths, the required parameters of

each slice are computed, tabulated, and then inserted into the appro-

priate equation to calculate the rrfactor of safetyrì.

The computer program is written in G-level FORTRAN language

and requires the following input/output devices:

l. Card Reader, and

2o Printer

The program consists of a Main Program with eÍght supporting

SLOPE STASILITY PROGRAM - SLOPO

69.



subroutines. A general outline with a brief function description of

each routine is as follows:

1. SLOPO - Main Program,

(a) Initiates and cerminates the program.

(b) Controls the computational process by directing

Ëhe subroutines.

') READR - Subroutine No: 1,

(a) Reads in and writes out a major portion of the in-

put data.

STEPS - Subroutine No: 2,

(a) Automatically re-positíons the specified slip circle

cenLre to eight new positions. This automatically

accomodates the Factor of Safety calculations for a

3 x 3 grid.

RADIS - Subroutine No: 3,

(a) Determines the minimum slip circle radius from a

specified slip circle center to a parcicular surface.

PROFL - Subroutíne No: 4,

(a) Determines the two horizontal extremitÍes of the sec-

tion bound by Èhe circular slip surface.

(b) Calculates the lowest vertical position of slip sur-

face.

(c) Calculates slice width.

SLICE - Subroutíne No: 5,

(a) Determines the horizontal co-ordinate for the mid-

point of each slice.

c

4.

70.
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(b) Calculates all the geometrical and physical prop-

ertíes required for each slice.

BISH - Subroutine No: 6,

Contains the equations to calculate the Factors of Safety

by the following Method of Slices techniques:

(a) Simplified Bishoprs Method.

(b) Fellenius Method.

JANPA - Subroutine No: 8,

Funclions are as per the combined functíons of Subroutines

No: 4 and No: 5, but are related to the non-circular slip

surface analysis.

JANCA - Subroutine No: 9,

(a) Contains t.he equations to calculate the Factor of

Safety by the non-circular slip surface method of

s lic es t.echni que.

(b) Calculates pt required along the vertical sides of

the slices to determine the validity of the direc-

tional approximation for the thrust line.

7.

8.

o

7L.

L-2. THEORY

The derivations of the equations employed t.o calculate the

Faclors of Safety are as previously discussed in Chapter 5. The re-

sulting equations applicable for each method are as listed below:

l. Fellenius Method of Slices,

F_

¿.

z
Simplified Bishoprs MeËhod of Slices,

I^I

I
si no<

F-

I['o secã+

!tr'l sin o. I[G

(I,l cos o.-ub sec o<) trn pt

tb + ,"r, pt (w-ut)) """ o , I .
I * tan Ø tan o<l

FJ



This equation ís re-iterated

and right hand sides of the

3. Janbu Method of Slices,

Step 1: Initial Fact.or

F
o

: I(.tb + (w-ub) ran
) lü tan o<

where: No: cos

until the F values on the left

equation differ by 0.001 or less.

Step 2: Calculation of Vertical

v -:rand. * (B-nfltzd

of
I

Ø

Note: Steps I and 2 are repeated until the F values on both

sides of the equation differ by 0.001 or less.

As per Chapter 6 the following equation calculates pt required

along the vertical sides of the slices to indicate if equilíbrium can

prevail due to the assumed position and direction of the thrusË line.

tanØ --V --.tdreqf d _r.+]_
Hn+1

Description of above symbols:

tr{ - total weight of slice,

Step 3: Modified Factor of Safety,

- [ r rl) l" b + Li^I-(ur,*, - vn)-u] tan Ø l+
I': L J l\c¡<

)'tw-(v -V)l rano<¿JL n+l n J

Safety

)kl::5-L j IBo
tr-ô< (i * tano,tan Ø )

F
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Interslice Forces,

a")
F

u-

b-

d-

porel^7ater pressure at base of slice,

width of slice,

depth of slice,

cohesion in terms of effective stress,

=:A
zB

Ic-



V - vertical interslice force,
n

o<- angle beLween the base of the slice to the horizontal,

dt - angle between thrust line and horizontal.

A-3. ASSTJMPTIONS AND LTMITATIONS

( i) Geometric Description

OEher than for the circular arc s lip surface the geometrics

of the slope or embankment are described by a series of straight lines.

The prime considerations are:

73.

angle of shearing resistance in t.erms of effective stress,

horizontal interslice force,

Ø

H

1o The co-ordínates of the end-points of the straight lines

must be in accordance with the rectangular Cartesian co-

ordinate system.

The entire system must exist in the two positive ordÍnate

quadrants (ie. negatÍve Y- axis values will not be accepted).

The X, co-ordinate of a straight line must always be lessI
than the X co-ordinate. Vertical lines will not be ac-

2

cepted as the tangent of 90o is infinity. Therefore to

insure computatíonal accuracy the maximtrn slope of a line

should be limited to t horizontally in 500 vertically.

2"

cJ.

4. The computational process is such that the section ís

divided into slices of equal width. Furthermore the geo-

metrical and physical parameters of each slice are referenced

from the horizontal mid-point of the slice.

(2) Material Descriptions

The frmaterial typert number for a line defines the Eype of
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material above that line. This does not apply to the lines which describe

piezometric surface, slip surface or thrust lÍne. For the latter cases

the function of the material type number is to merely inform the computer

of the purpose for that particular line"

(3) Porewater Pressure Considerations

The porewat.er pressure domain of an embankrnent can

be described by means of a piezometric surface andfor, porewater pres-

sure parameters.

â.o Piezometríc Surface

The piezometric surface is defined by a series of straight

lines and can represent a top flow lÍne or other surface to approximate

the porewater pressure regime. Since only one piezometric surface can be

inserted for a particular analysis, the selected surface should depÍct the

piezometric condítion for the area of greatest importance ín that part-

icular analysis.

The computed unit porevrater pressure for a particular slice

is equivalent to the height of water from the piezometric surface to the

base of the slice. Implied negative pressures are set equal to zetoo

b. Porewater Pressure Parameters

The porewat.er pressure parameter is defined as the ratio

of the porel¡rater pressure to Ëhe total overburden at the base of lhe

slice; ie. rrr: u/Wd. Eaeh soil layer or zone is assígned a factor.

Therefore by judicously divíding the section into layers and/or zónes

and by assigning approprÍate porer¡rater pressure factors, and if necessary,

ínserting a piezometric surface it should be possible to simulate almost

every possible porewat.er pressure condítion.



Note: Negative porel^Iater pressures will be considered if negative

factors are inserted.

c ¡ trrlater Surface

If Èhe unit weight of T^later is given the exact value of

62.4 p.c.f. the unit porewater pressure at the base of the slice will be

equal to the height of water from the base to the water surface' Nor-

mal1y a piezometric surface should not be inserted in the same horizontal

range as a r^rat,er surface unless a special píezometric simulation is

attempEed.

A-4 CAPAC]TY

The volume of data input is limited as per the Dimension state-

ments within the following rout,ines:

SLOPO - Mainpgm

PROFL

SL]CE

JANPA

JANCA

75.

The capacity of the program as per the Source Listing on page

105 is as follows:

An infinite number of problems can be processed at one time.

For each particular problem the following limitations apply:

(a) Maximum Number of Lines : 100.

(b) Maximum Number of Material Types : 20o

(c) Maximum Number of Slices : 100.

(d) Maximum Number of Specified Slip Circle Centers : 50'

To increase or reduce the capacity as per the attached rfSource



Listingil implies the modÍfication of the appropriate Dimension State-

ments for the routines listed above.

A-5 INPUT AND OUTPUT DESCRIPTION

Refer to the section titled trlnput Data Card Formatrt which is

contained within the trMainpgmrr on page 106. This section fully describes

the set-up and format under which the data must be presented and also

provÍdes comments with each varÍable to aid the ussro The above data

is entered on the two standard tfSlope Stabilíty Data Inputrtsheets as

illustrat.ed in the three examples on pagesT9 - 84. Finally, refer to

page 78 for an illustration of a typical input data deck setup.

Refer to pages 85 - 104 for three typical examples of trPrinted

Output.rr. These three examples are part. of the analysis as conducted in

Chapter 6. A general outline of the output. is as follows:

1o A lísting of the frlnput Datarto

2. A listing of the results for the circular arc slip sur-

face analysis is as follows:

a) Co-ordinates of círcle center,

b) Radius of circle center,

c) Ground surface intersection with slip circle,

d) Low poínt of slip circle,

e) Factors of Safety.

Note: Asterísks indicate either that one of the two methods

r^7as not requested or that the input data is incorrect.

3. A listing of the results for the non-circular slÍp surface

analysis ís as follows:

a) Iteration number,

76.



b) Slice number,

c) Horizontal interslice force component. on the

d)

e)

downward side of designated slice,

Corresponding vertical interslice force component,

I
Required p along the vertíca1 downward side of

the designated slice,

Horizontal posit.ion of downward side of slice.f)

77.



Ì:lct includedi'or Option J

78.

0p'bion
Desc.

{-

pbion & Jo
Desc. Card
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Scconci ProL¡lon

ProbIe¡a

Fi.rs.b Problonr
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STABILITY DATA INPUT N9' I

DESCRIBE PHREATIC SURFACE.
SURFACE INSERTEO,

HERE:

l=l

l= I

.- I

TO
Trc

2',)

A

\¡cREMENT I c
tril-t-Ï.l
N9 OF LINES
I, tF PHREA'

TA INPUT N9 :

E

"

OPSLI
ES'*

sHEET-l-- oF 2
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SLOPE STABILITY DATA INPUT N9, I

OESCRIBE PHREATIC SURFACE.
SURFACE INSERTED.

HERE:

A=l

I B=l

I c=l
I
:S TO
IEATIC

N9 2)

ilr

sHEEr-J- oç3--
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SLOPE STABILITY DAIA INPUT N9' I

DESCRIBE PHREATIC SURFACE.
SURFACE INSERTED.

HERE:

A:l
B:l
C=l

STO
:ATIC

2sHEET-l- oF
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SLOPE STABILITY ANALYSIS
BY TIIE

MLTHOD OF SLICES ÍÊCIINIOIJE

JOB OESCRIPfION LIISHOPIS ANI] S¡¡IPL¡FIED MI-IHODS

INPUÏ DAfA

NUMEER OF STRAIbFIT LINES ARE ?2
NUMHEII Ots }IATER¡AL fYPES AÈL ó
NUMtsER Of LINLS RÊdUIRLIJ TO DESCRIEL PNKLATIC SUIIf'ACLS ARE
NUI'iiJER OF PHREAIIC SURFACES ARE I
NUMBEIi 0F SLICUS = 50.0

COORDINATLS OF 6IVE¡¡ STRAI6hI LINLS

NOV.70

NUMdLR
t
2
3
4
5
6
7

CLAY (RESIOUALI
PI'IREAT IC SURf ACL

LÉ FÈCI I VE
COHE S I ON

0.0
0.0
0.0
0.0
0.0
u.0

ARE AS FOLLONS

Y.I COOITDINATE
759.8 0 0
757.?00
75t'.400
754.80{J
749.90 0
745. 60 0
744.200
7 12.7 00
7 39.8{J 0
736.100
7J2.J00' 7¿6.500
/26.500
7¿3.000

0.0
0.0

¡{J8.000
75 9. b0 cl

0.0
0.0

7J5.000
73¿.30u

trtLCflVE
FI'(ICT IUN AN6LE

0.0
0.0
0.0
0.0

¡t.000
0.0

X-? COOROINAÏE
8.000
9.000

t9.000
34.000
ó2.000
83.000

I07.000
I38.000
I98.000
207.000
245.000

1000.000
25¿.000
500.000

0.0
0.0

¡000.000
0.0
0.0
0.0

¿07.000
245.000

IOTAL
UNIT TEIOHT

0.0
6¿.400
0.0
0.0

10e.000
0.0

Y-2 COORDINATE
751.700
756.40 0
754.800
749.900
?45.600
744.?00
74?.7 00
739.800
73ó. I 00
73¿.300
72ó.500
72ó.500
7¿J.000
7t6.000

0.0
0.0

70e.000
759.800

0.0
0.0

732.300
72ó.500

PORE PITLSSURE
PAI{A¡,tE TER-.RU

0.0
0.0
0.0
0.0
0.0
0.0

X-T COORD¡NAIE
0.0
8.000
9.000

I9.000
3c.000
6¿.000
83.000

I07.000
¡3d.000
l9ú.000
¿07.u00
245.000
?{5. rJ 0 0
25¿.0 00

0.0
0.0

-1000.000
-I000.000

0.0
0.0

-¡ù00.000
207.000

TYPË

ð
9

lù
lt
l2
l3
l4
l5
l6
l?
I8
l9
¿0
2l
?2

501 L
OESCRIPTION

ATMOSPIIERË
TATE'l

?
?
4
4
5
I
4
4
6
ó

TYPL

¡
2
3
4
5
ö

Co
Lr¡



CENIER OF FAILURE
XY

75.00 77s.00

50.00 775.00

50.00 800.00

75.00 800.00

¡00.00 800.00

100.00 775.00

100.00 750.00

?5.00 750.ù0

50.00 750.00

75.00 850.00

50.00 ô50.00

50.00 875.00

75.00 875.00

t00.00 87s.00

t00.00 850.00

100.00 825.00

75.00 825.00

50.00 625.00

fIAÜIUS OF
FAILURE ARC

ó7.0

ó7.0

e2. 0

92. 0

92.0

67 .O

4e. 0

4¿. 0

4¿ .0

l4¿.ù

I{2.0

Ió7.0

ló7.0

ló7.0

t42.0

t17.0

I17.0

l¡7.0

LOr¡ PoIlrT 0F
SLIP CIRCLE

XY

75.0 708.0

50.0 708.0

s0.0 708.0

75.0 708.0

100.0 708.0

¡00.0 708.0

100.0 708.0

7s.0 708.0

50.0 708.0

75.0 706.0

FACTOR OF SAFETY
SIHPLIFIEO BISHOPS

ARC ('ROUND SUIiFACË INTdRSECTIONS
WITh SLIP CIRCLÊ

XYXY

t0.7 75b.1

-15.2 759.8

-3?.7 75e.ú

-7 .7 75e. I

20.1 '154.4

38. e 7+9.3

58.¿ 746.?

33.0 ts0.2

8.b 756.9

-3q . 7 759.8

-59.7 /59.8

-70.9 759.8

-45.9 759.8

-¿0.9 75e.8

-9.7 75e.8

J.5 75c.9

-¿2.t 759.8

-41.1 759.d

I 3e.3 740.3

108.6 74?.5

I ¿0.9 741.4

144.2 739.4

I 67.9 738.0

l>ó.3 738.7

140.7 739. ó

I I6.¿ 74t.A

9¡.5 743.7

¡ 62. ô 738.3

¡ J9.4 7 39. f

t47.? 739.?

I70.¿ 737.8

193. I 736.4

1b5.8 73ó.9

I 77.5 737 .4

154. I 73¡i .8

I 30. v 740.5

50.0

50 .0

75. 0

100.0

I00.0

I00.0

75.0

50.0

7u8.0

708.0

708 .0

708 .0

708.0

708 .0

708.0

708.0

HETHOI)

I.406

I.l 14

1.I48

¡ .18ó

1.557

t.8t9

2.317

?.t¿9

¡.455

¡.I65

t.2tL

1.331

¡.2¿3

¡.231

t .253

I .364

l.158

1.208

I,IETHOO

¿.035

1.627

1.495

t.555

2.0 03

¿.5ó0

4.044

3.8¡ I

?.6tt

I .399

I.49¡

I.520

1.494

1.4t9

'l .483

I.ó70

1.4?6

1.475 Oo
cl'



75.00 925.0 0

50.00 e25.00

50.00 95ù.00

75.00 950.00

t00.oo 950.0b

100.00 925.00

100.00 900.rJ0

75.00 900.00

50.00 900.00

75.00

50.00

50.0 0

75.00

100.00

100.00

100.00

75.0 0

50.00

1000.00

1000.00

t025.00

l0?5.00

¡0?5.00

1000.00

97s.00

975.0 0

975.00

75.00 1075.00

50.00 1075.00

50.00 1I00.00

¿17.O

¿1¡.0

?4 ¿.0

?4¿.0

¿4¿.0

?17.o

I9¿.0

t9?.0

l9¿.0

?92.0

?92.0

3t 7.0

3t7.0

317.0

¿9¿.0

267.0

¿61 .0

?6f.o

367. 0

3ó7.0

39¿.0

-65.7 759.8

-90.7 75e.a

-99.ô ?5e.8

-74.6 75e.8

-49.ó 75(r.8

-40.7 759.8

-3I.? ?5e.8

-56.2 75e.8

-81.2 759.8

-91.0 759.8

-1t6.0 759.8

-123.ö 759.8

-e8. ó 759.8

-73.6 75e.8

-6ó.0 7s9.8

-58. ù 759. d

-83.0 759.8

-108.0 759.8

-t ¡ 3.0 759.8

- I 38.0 759.A

-L4q,7 75e.6

t83.4 7J7.0

I Þ0.7 73d.4

lô6.7 738.0

ld9.¿ 73ó.6

¿06.3 73?.6

e03.0 734.0

t99.2 735.6

t77.¡ t37.4

I 14.3 738.8

¡99.0 735.7

t77.6 737.4

td2.5 737.Ì

20I.8 734.5

¿17 . | 730.1

?t4.1 73I.U

2t0.? 731 .8

194.6 736.3

I l¿.r 737.7

¿06.7 732.4

t9t.7 736.5

t9ó.ù 736.?

75. 0 708 .0

50.0 708.0

50.0 708.0

75.0 708.0

I00.0 708.0

100.0 708.0

100.0 708.0

75.0 708.0

50.0 708.0

75.0 
.7Þ8.0

50.0 706.0

50.0 708.0

75.0 708.0

I00.0 70e.0

I00.0 708.0

100.0 708.0

7s.0 708.0

50.0 708.0

75.0 706.0

50.0 708.0

50.0 708.0

I.3tt

1.443

1.495

I .354

I.263

¡ .250

t.?37

1.2ô7

I .388

1.4J7

¡.591

1.635

t.473

¡.3It

l.¿93

t.276

I .397

1.544

1.529

1.7t7

I .75ó

t.45?

1.593

l.ó3t

1.48?

I .3E5

I .388

t.397

1.425

I .555

I.545

t.707

I .743

I .572

I .399

I .369

1.3c4

1.514

l.óó9

l.óls

l.ð13

1.847

@
-_t



I 50.00

125.00

I 25.00

t50.00

t75.00

175.00

850.00

850.00

875.00

875. 00

875. 00

850.00

392.0

392. ù

3ó7.0

342. 0

342. 0

342. 0

ó7.0

ó7.0

92.0

9?.0

92.o

:'.0
42. 0

4?.0

4?.ù

142.0

I4¿.0

167. 0

167.0

167.0

l4¿. ù

t.552

¡.371

I .350

I.3¿9

1.503

l.ó77

I .737

t.872

1.804

1.53¡

l.l0ó

t. ls2

I .345

I.975

I .9ti9

¡.397

¡.537

t.37r

I .352

T.IIó

1.105

l.ö32

l.4lr0

t.425

1.410

1.595

1.779

?.125

2.614

2.?90

I .925

I .368

I .5ó5

2.?95

3.48ó

3.483

l.ó04

1.794

I.5ó5

r.5t7

L.?40

l.?5ó

75.00 1100.00

100.00 1I00.00

100.ù0 I075.00

100.00 1050.00

75.00 1050.00

50.00 t050.ù0

t50.00 775.00

I25.00 775.00

¡25.00 800.00

150.00 800.00

l75.oo 800.00

I75.00 77s.00

t75.00 750.00

I 50.00 750.00

t25.00 750.00

-l I 9.7 759.8

-94.7 759.8

-88.0 759.8

-80.9 75e.8

-t05.9 759.8

-¡ 30.9 759.8

90.8 743.7

64.9 745.4

49.4 747.5

76.5 744.6

I0?.b 743.0

¡ ló.b 741 .8

I34.2 740.¿

I 08.7 74?.5

iJ3 .4 7 44 .2

5?.1 747.1

19.9 154.5

5.5 75E.4

40.s 748.9

70. I 7{5. I

iì0.I 744.4

?09.7 731.9

2¿7.2 729.¿

2¿4.'¿ 7Ze.-l

?2t.1 730.2

¿04.4 733.4

1d7.3 736.8

203.0 734.0

IB0.J 737.?

l9l.ó 736.5

2t 1.5 731.ó

?.3?.7 72A.4

?24.3 t29.7

?L?.1 73t.4

I89.8 736.ó

I 65. J 738. À

2?5.1 7?9.5

205.4 733.0

2t0.b 73I.7

230.5 7?8.f

¿5t.4 726.5

?45.1 726.5

7s.0 708.0

¡00.0 708.0

¡00.0 708.0

100.0 708.0

75.0 708.0

50.0 708.0

I 50.0 ?08.0

t25.0 108.0

t¿5.0 708.0

150.0 708.0

I75.0 708.0

t75.0 708.0

¡75.0 70e.0

ts0.0 708.0

l¿5.0 708.0

t50.0 708.0

125.0 708.0

t?5.0 708.0

150.0 708.0

t7s.0 708.0

175.0 708.0

@
@



¡75.00

t50.00

t25.00

825. 0 0

825. 0 0

825.00

¡50.00 925.00

t25.00 9?5.00

¡25.00 950.00

t50.00 950.00

I 75.00 950.00

175.00 925.00

175.00 900.00

I50.0ù 900.00

t25.00 900.00

¡50.00 ¡000.00

l?5.00 1000.00

I25.00 1025.00

t50.00 I025.00

175.00 1025.00

175.00 1000.00

175.00 975.u0

90.9 t43.7

64.2 715.5

.t5.5 74e.7

t4.5 755.5

- I 5.7 759.8

-¿4.6 759.8

0.6 /59.ô

40.4 748.9

50.3 147 .4

ó0. ó 745. ts

?7.ö 75t.9

-6.? 759.8

-ló.d 75e.8

-41 .0 759.8

-48.q 7s9.8

-23.6 759.8

2.3 75e.?

t5.ó 755.3

?6.6 7Þ1.ó

-¡J.0 7f9.ò

¿39.e 7?.7.4

¿18.e 730.5

¿00.0 7J5.¿

239.5 7?7.3

?¿0.6 730.2

??4.e 7¿9.6

¿c3.4 7¿6.7

¿67.d 7?6.5

¿6?.6 7?6.5

257.¿ 7¿ó.5

¿J5.3 7¿8.0

?16.0 730.9

¿52.3 7¿6.5

232.3 728.4

2J5.6 7?1.9

256.7 726.5

28¡.7 7?6.5

¿77.3 7¿ó.s

¿t¿.6 726.5

¿q7.6 726.5

¡75.0 70800

150.0 708.0

I25.0 708.0

Is0.0 708.0

125.0 708.0

¡25.0 708.0

150.0 708.0

I75.0 708.0

¡75.(, 708.0

175.0 708.0

I50.0 708.0

¡25.0 708.0

¡ 50.0 708.0

¡25.0 708.0

I ¿5.0 708.0

¡50.0 708.0

I7s.0 708.0

175.0 708.0

175.0 70e.0

150.0 708.0

lI7.ù

lt/.0

I 17.0

2t7.0

¿11.0

?4¿.0

è4¿.0

¿4¿.0

?t1.0

l9e. 0

t9¿.0

t9¿.0

292. ù

?9¿.o

3t7.0

317.0

3¡7.0

¿9¿.t)

¿ól.0

¿67 .0

t .099

1.448

I .707

1.243

1.204

1.180

t.lól

1.138

1.135

t.t¿8

1.307

¡.257

¡.t14

1.t78

I.187

t.t07

¡ .102

l.l¿2

l.¡38

l.lJ8

1.290

1.720

?.058

I .358

I .332

l.'¿90

l.?79

I.?Iö

t.??6

L.?32

I .4/r3

t.4t t

t.190

I.?ó3

1.264

t.t75

l. ló2

1.187

l.el r

1.224

Co
\o

15u.00 975.00



¡25.00 975.00

¡50.00 t075.00

125.00 I075.00

125.00 t100.00

150.00 1I00.00

t75.00 It00.00

I75.00 1075.00

t7s.00 t050.00

150.00 1050.00

125.00 ¡050.00

¿?5.00

¿00.00

775. 0 0

l?5. 0 0

e00.00 800.00

2?5.00 800.00

250.00 800.00

250.00 775.00

250.00 750.00

225.00 750.00

¿00.0a1 750.00

267.0

367.0

3ó7. 0

392. 0

392.0

392.0

3ó7.0

342. 0

34¿. {,

34¿. 0

67 .0

6/.0

9e.0

9?.0

92.0

ó 7.0

4¿.o

4?.0

4?.0

¡42.0

-33.ù 759.d

-38.0 759.8

-ó3.0 759.A

-69.7 759.8

-44.7 759.8

-t 9.7 759.8

-13.0 759.8

-5.9 15e.8

-30.e 759.8

-55. e 75e. B

I69.¿ 137.9

Ì43.¿ 7Je.5

l¿9.6 740.6

¡5ó.4 738.7

Irì2.9 737.0

195.4 7J6.3

¿t?.3 73¡.5

I8s.t 73ó.9

159.6 738.5

l15.l l+þ.1

¿28.7 7?9.0

265.0 7?6.5

?4t.6 727.0

244.3 7?6.6

?69.0 7?6.5

¿94.0 7?6.5

¿e0.0 t¿6.5

¿È,5.9 7 ?6.5

260.e 7?6.5

¿38.7 ?¿7.5

?l I.? 7?6.5

¿46.¿ 126.5

?55.3 7?6.5

¿80.3 726.5

305.3 7¿6.5

296.2 7?6.5

2ë4.A 726.5

¿59.8 7?6.5

¿J5.7 727.9

¿)5.1 726.5

l¿5.0 708.0

150.0 708.0

125.0 708.0

I 25.0 708.0

t50.0 708.0

175.0 708.0

175.0 708.0

I75.0 708.0

150.0 708.0

¡ ¿5.0 708.0

2?5.0 708.0

¿{i0.0 706.0

200.0 708.0

??5.0 708.0

¿50.0 70e.0

250.0 708.0

¿50.0 708.0

225.0 708.0

200.0 708.0

?¿5.o 708.0

t.r75

l.ltt

¡,211

t.??9

t.t¿2

I .070

I.070

I .0d0

I .106

¡.te7

0 .5s3

0.764

0.8I3

0.ó35

0.647

0.6??

0.ó00

0.45 I

0.ó84

o.764

1.271

l. ló8

t.276

1.289

I.174

r.tl8

1.t22

t.t3s

l. ló8

t.?6a

0. 154

I .023

0.991

0.765

O.óJ¿

0 .895

l.l0ó

0.792

l.¡54

0.aó5

\oo
225. 0 0 ð50.00



e00;00 850.00

e00.00 875.00

225.00 875.00

250.00 875.00

250.00 85ù.00

250.00 825.00

2¿5.00 825.00

200.00 825.00

¿25.00 925.00

200.00 925.00

200.00 950.0 0

225.00 950.00

250.00 950.00

?50.00 9?5.00

250.00 900.00

2e5.00 900.00

200.00 900.00

?25.00 I 000.00

200.00 1000.00

200.00 I02s.00

2?5.00 1025.00

I4¿. 0

tó7.0

167.0

t67.0

l4¿.0

ìt7.0

117.0

117.0

et 7.0

217 .0

?4?. O

?4?.0

242.0

2t7.0

t 9¿.0

t92.0

l9¿.0

¿9?.0

29?.0

3t 7.0

3I7.0

I 0 7.0 74?.7

e7.3 743.3

l?5.4 741.0

I53.3 7J8.9

¡62.3 738.3

172.1 7J7.7

I 45.3 739.3

tÌ7.9 74I.7

l$7.4 I4?.7

79.7 744.4

7I.5 745.0

99.4 743.2

128.ó 740.7

I36.7 739.9

144.8 739.4

lt6.¿ 74t.8

ù8.3 143.9

84.4 744.I

54.7 146.7

45.7 74ó.1

77.? t44.6

2t0.1 7?6.5

?76.4 726.5

30t.4 7?6.5

3¿ó.4 7¿ó.5

3¿0.I 7-¿6.5

Jt3. I 7?6.5

288. I 7?6.5

¿ó3. I t?6.5

3t¿.ó 7?6.5

?87.6 7?6.5

¿e2.8 7?6.5

3t7.u 726.5

34?.8 726.5

337.ó 726.5

33¿.¿ 726.5

307.¿ 726.5

z8?.¿ f?6.5

327.3 7?6:5

30¿.J 726.5

30ó.7 7?6.5

33t .7 726.s

200.0 708.0

200.0 708.0

225.0 708.0

e50.0 708.0

250.0 708.0

?50.0 708.0

??s.0 708.0

200.0 708.0

2?5.0 708.0

200.0 708.0

200.0 708.0

?25.0 706.0

250.0 706.0

¿50.0 70e.0

250.0 708.0

225.0 708.0

¿00.0 708.0

?25.0 708.0

?00.0 708.0

200.0 708.0

?¿5.0 708.0

0.880

o .913

0.814

0.789

o.744

0.695

0.705

0 .848

0 .893

0.977

1.008

0.927

0 .907

0.871

0.83t

0 .855

0 .94ó

0 .988

I .063

I .082

t.0tó

0o993

1.009

0 .903

0 .891

0.8ó¿

0.ð3ð

0.s¿5

0.985

0 .9ó5

I .053

t.076

0 .9rr3

0.98 0

0.95I

0.9?L

0 .935

1.030

I .044

l. t2t

1.136

I .0ó9

\o
ts



250.00 10e5.00

250.00 1000.00

250.00 975.00

¿?5.00 9?5.00

200.00 975.00

225.00 I 075.00

200.00 1075.00

200.00 It00.00

2?5.00 tt00.00

2s0.00 1100.00

250.00 107s.00

250.00 1050.00

225.00 1050.00

200.00 1050.00

3I7.0

?9¿.0

?67.0

?67.0

267.0

Jô¡.0

3ó /..0

392. 0

392. 0

3e¿. 0

3ó7.0

34?.0

342. 0

34¿. 0

I 05. 7 14¿.8

tt3.0 74?.t

I20.7 l+1.4

el .7 743.7

63.6 745.5

1r3.4 7 45.5

?3. I 753.5

I 2.3 r55.9

55.4 746.6

85.9 144.0

9?.3 743.6

98.9 743.?

70.? 7+5. I

36.d 149.5

J56.7 7?6.5

JÞ2.J 726.5

347.6 726.5

3??.6 7?6.5

29f.6 7?6.5

3e0.0 7?6.5 .

315.0 7e6.5

3t9.0 1?6.5

344.0 7?6.5

3b9.0 726.5

365.0 726.5

3õ0.9 726.5

335.e 726.5

J10.9 7?6.5

2s0.0 708.0

250.0 708.0

?50.0 708.0

??5.0 708.0

200.0 708.0

?¿5.o 708.0

?00.0 . 708.0

200.0 708.0

??5.0 708.0

250.0 708.0

250.0 708.0

250.0 708.0

2?5.0 708.0

200.0 708.0

0 .995

0 .968

0 .939

0.958

1.037

I .070

l.t0ó

1.102

¡ .0e3

I .0óó

I .043

1.019

I .044

1.099

¡.05t

I .029

I.005

I.019

1.099

¡.t¡7

I.¡53

1 .147

t.t37

l.lt3

1.093

t.07?

1.093

l.149

\o
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SLOPE STAI)ILITY ANALYSIS
BY THÊ

IIETHOD OF SLICES TECHNIOUE

JOB DESCRIPTION JANBU METHOO - II']ITIAL SI.IP SURFACE ANALYSIS

INPIJT DATA

NUMSER OfT S'TRA IGHT L IN¿S ARE ??
NUMEEíI OF YATERIAL TYPES ARE ó
NUI4BER OF LINËs PEUUIR'D TO OESCRJBÉ PHRÉATIC SI',RTACES ARE
NUIITìÈR OF PHREA-f IC SUEFACÊS ARE I
NUMdER OF SLICLS = 50.O

COORDINATI,S OF GIVEN STRAIGHT ÈINLS ARE AS FOLLOiiS

NUMTEII
]
?
3
4
5
6
7
I
9

l0
I]
l2
l3
l4
l5
l6
T7
l8
l9
20
?I
2?

SOIL
DESCRIPTION

A TMCSPHE.RE
YiATER
CL AY

X-I COORDII']ATE
0.0
8.000
9.000

19.000
3c.000
6¿.000
83.000

I07.000
138.000
I98.000
207.000
?45.000
2{5.000
¿52.000
500.000

-Ì000.000
-1000.000

9.000
47.50 t)

235.,J00
-¡u{J0.u00

207.000

Y-I COORDINATE
759.800
75¿./00
756 . /+0 0
754.800
749.900
745.600
7 44. ?00
74¿.7 0D
/39.¡J00
736.100
7J2.300
726.500
7to.500
723.000
716.000
759.¡r00
700.000
75b.400
7tù.000
7tû.000
735.(r00
732.300

i:iFLCTIVE
FR].CTION ANGLE

0-0
0.c

Ì1.000
0.0
0.0
0.0

X-2 COORDINATE
8.000
9.000

I9.000
34.000
ó2.00c
83.000

t07.000
t36.000
19rt.000
207.000
¿65.000

1000.000
25¿.000
500.000

1000.000
0.0

I000.000
47,500

235,000
255.00c
e07.000
245.000

TOTAL
UNIT IiEIGI.IT

0.c
6?.4C0

!09.000
0.0
0.0
0.0

Y-2 COORDINATE
757.700
756.400
754.800
749.900
7¿15.6CO
744.?00
74?.7 00
739"¿00
7J6.!Ot)
7J2.30C
7?É..500
7 ?-(. .5i) o
7¿.J.000
716,000
7]ó.rJ00
759.800
700. cr0c
7Ì0.000
710.0c0
726"5ù0
73?.-JA0
746"500

POíìE PRLSSURE
PARAVE TLíì--RU

0.0
0.0
0"0
c.0
0.0
0.0

ÏYPE

2
2
z

3
4
4

6
6

T YPE

t
?
3
4
5
6

SLIP SURFACE
TIRTISI LINE
PTIREAT IC SURF ACE

!FI'ECTIVE
COHE S I ON

0.0
0.c
0.0
0.0
ù.u
0.0

\o(,



SUI'IMARY OF INTER-SLICE FORCES ON OOWNWATìO SIDE OF DESIGNAÍED SLICES

SLICÊ NUMtsER

t
?_

3
4
5
ó
7
8
9

l0
II
L2
l3
I4
l5
l6
LI
l8

\ 19
20
2T
22
?3
24
25
26
>7
?tl
29
-30
3t
3?
33
34
35
36
37
38
39
40
4l
42

45
46
47
48
L9
50

FACTOR OF SAFETY = I.I15

HOR. COVPONENT
ll94.08
47i6.aL

ì 04.J0.4d
Itszt5.t5
?d?57.03
4I0d3.¿I
5692 I .76
7577¿.50

. 7J495.IJI
71289.t9
6et5a.56
6/056.9r.
6ca9l.a¿
62955. e7
609i0 .5.1
5tì97.r.39

. 5/(l¿b.3ó
55 I 06.48
53?14.77

.5I35t.?t
4)5?4 . I4
47 7 39 .50
459e 7. 3J
4ri297.59
4?640.31)

' 410?5.45
. 39448.9 I

37900.tó
. 36379. t9

34Rti6.0l
334e0 .59
3 I 9d2.95
3ú573. I 0
2vl9l.0l
?7 835 .7 0
2r;510.18
e5e ì Ì .45
23940.4rt
??7 I | .44
2 I 6 /6.05
2'J79¿.39
I 9e38.7S
ls'115.1.t
.I b3? I .49

. t?557.89
l6'¿?4.31
ðtr¿6.5¿
33+1.70
s13.38
-0.73

VEK-T. COMPONENT
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
c.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0.0
0.c
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0 \ '

REOD. FRICTION ANGLE
0.0
0-0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0"0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
c.0
0.0
0.0
c.0
0.0
0.Cr
0.0
0.0
0.0
0.0
c.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

ITERATION ¡.¡O. I

HOE. POS" OF
13.92
18 . 8t+

28.68
33.60. 38.5¿
43 .44
+¡J.36
53.?-tl
5d.20
ó3.ì2
6,J. 04
7 2 .9r¡
77.fJ8
e¿. ô0
87.7?
9¿.64
97.56

1C2.1+8
lLì7.40
ti¿.32
T T7 .?4
i ¿'¿ .1(,
I?_1 .0¿
t -12.0 0
t:J6.92
Ì41.84
I4tr.7 6
]5t.58
¡56.6C
ìóì.s¿
I ó6.44
111.3r)
ì 7c. 

" 
ZiJ

ì8t.20
lBl¡-l2
l9 Ì .04
I 95.9ô
2c0..J8
¿05.;ìrJ
?10.77-
el5"6rr
'¿¿1.56
2'¿5.48
e3c.40
235.3?
-¿4tJ.?4

?.45 " I6250.08
75S,OO

I-S FORCE

\o
0



SUYI+,IARY OF iNTdR-SLICE FORCES ON DOHNWARD SIOE OF OESIGNAfED SLICË'5

H0rì. c0MP0NË.i\t
I I 7ó.95
47 07 .92

10417.{4
l6ì05.5/
2u09J'6ó
4 u 86¿.48
5o638. ¡l
7 547? . L9
7Ji5ó.75
70,)61,00
6d¿JJ4.94
657 49 .69
6/+ll94 . 3 7
6166d. ed
6rJó73.5t
5ts707.07
5c' i'r,ð.6 7

5atl5u.27
5?975.9t
5t121.57
493û3.5¿
4t5¿7.70
457:)4.14
44) 02.80
4¿453.7 0
40846.83
3e278.0ð
37736.94
36?23.5?
3c73¡'.7è
3-JZ /9.5+
3t849.00
3oL46 . l?
490¿0.66
2 i 7 ¿3.24
zbq03.?8.
?5 t I 0.9ó
2.J8rr6.25
2?6¿3.30
2l:93.03
?07t3.73

. 1yr,64.30
19044.f4
Ì rJ¿55.04
I7 495,2 |
t6765.26
8797. ù5
J3J2.5I
513.4¿
-0.68

VERT. C{JMPONLNT
0.0
0.0
0.0
0.0
0.0
0.c
0.0
0.0
0.0
0.0
0.0
0.0
0-0
0,0
0.0
0.0
0.0
0.0
0.0
0.0
c.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

RT,OO. T'RICTION ANGLE
0.0
0.0

. 0.0
0.0
0,c
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
c.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0"0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.c
0.0
0.0
0.0
0.0
0.0

' o.o
0.0
0.0
0"0
0.0
0.0
0"0
0.0
0.0
0.0
0.0

ITERATiCN NO. ?

FiOrl. P05.0F I-S FOPCE
t3.92
I8.34
23"76

. ¿8.6e
33"60
38.52
43.41
¿¡8"_15
<? ta

5?, .2,,
63.ì2
68.04
72.96
I I .!'¿
82,80
d7 " t'?
9? "6/+O7 qÂ

102.4û
\07 -40
II¿-32
rll -24
I2?.\/¡
l,?7 .04
132.00
i3b.92
\41"4t+
146.76
t < r Ác

I56"60

166 "44rit"36
17 6.¿A
Lbl.¿0
I e5. l2
l9)..04
195 "96200.8s
¿c5.t10
210 .7 2
z l5, ó4
2¿0 "562¿t./"¿
2:r0.41
2.15 " 3?
?40 "?4245.1.ó
¿50.08
255.00

SLICË NUMSER

I
?
3

5
6
7
I
9

IO
tt
t?
l3
Ia
I5
t6
l7
l8
I9
20
2l
?2
23
¿4
25
?6
27
28
?9
30ìì
32
33
34
?q
36
37
J8
39
40
4I
4?
43

.t)S

46
47
48
4g
50

FaCfOR 0r SAFETY = l. l¿0

FINAL FACTOR OF SAFETY = I.ì?I

\o
(t



SLOPE STAtsILIIY ANALYSIS
dY T¡IE

MTTHOO OF SLTCES TLCHNIOUË

JOB DESCR¡PTION JANtsU ÌíETHOD -r'INAL SLIP STJkfACE ANALYSIS

INPUT I]ATA

NUHEER OF STRAIGHT LINÈS ARE 3?
NUH¡ìER OF MATTXIAL TYPES ARE 7
NUHTILR OF LINES HI,IJIJITiÈU TO ULSCR¡b¿ PhHÊATIC SURfACES AI{¿
NUHÚ¿R OF PI1REATIC SUHIACES AFE ¡
NUÞrBER 0f- SLICÈ5 = 5o.O

COORDTf.IATES OF 'J¡VÈN SIRAIGHT LINLS ARL AS fOLLorr5

NUMdER
I
?
3

.5
6
7
I
9

l0
II
l2
l3
¡4
I5
ló
l7
l8
I.)
2iJ
?T
2?
23
?+
25
26
?7
¿ró
2e
30
3l
3¿

x-l c{)oÊDItTATE
0.0
8.00u
9.000

19.000
3{.000
ó2.000
83.0ù0

107.000
138.000
l9ð.000
207.000
245.000

-1000.000
z+5.u00
?52.000

-lù00.000
9.{)00

21.50ù
40.000
5¿.000
6?.500

100.000
22¿.50 0
¿3l.500

17.)00
37.s00
5i.000
9u.00ù

I50.00û
'¿?¿.50ù

-1000.ù00
¿07.000

Y-I COURÙINATL
75e.80 0
757.700
/5b.40 0
754.800
749.900
745.600
744.?00
7 4?.1 00
7.1e.d00
736.100
?3¿.300
7¿ó.500
759. iJ 0 C

726.500
7?3.000
700.000
756.40u
7J0.000
7¿0.000
715.000
7¡¿.500
710.000
ttù.00û
¿I5.000
Trro,ggr.l
/35.000
¡30.00c
7¿i.000
7¿0.0cù
?t7.500
735.000
¡3¿.300

LIFI.CTIVE
f klCf lOr,,l ANÞLE

0.0
0.0

16.000
II.000
0.0
0.0
0.0

X-¿ COORDINATE
8.000
9.000

19.000
34.000
62.000
83.000

107.000
t3d.000
I9d.000
207.000
¿45.000

r000.000
0.0

¿52.000
500.000

I000.000
?t.500
40.000
52.500
67.500

ì00.000
¿2¿.500
¿37.500
¿55.000

37.500
55.000
90.000

t51.000
2??. 50 0
¿5I.000
20¡.00ft
¿45.000

ÏOÏAL
UNIT sElbHT

0.0
6¿.400

10e.000
10e.00(,

0.0
0.0
0.0

Y-2 COORDINATE
757 .7 00
75ó.40 0
754 .8 00
749 .90 0
745 .60 0
744.?00
7 q?.7 00
739.800
7Jó.100
73¿.J00
7¿ó.500
7?é.s00
759.800
723.000
7Ió.000
700.000
730.000
720.000
7t5.000
7l?.500
7t0.000
7t0.000
7t5.000
7¿6.500
735.000
730.000
7?5.000
7¿0.000
7t7.500
723.000
7i2.300
7 ?6 .500

POIìE PRESSURE
PARAML T L fi--RU

0.0
0.0
0.0
0.0
0.0
0.0
0.0

TYPE

?
?
4
5
5
5
5
5
5
5
5
ó
6
6
()

ó
ó
7
7

TYPE SOIL
ULSCR¡PIION

I ATHOSPHERE
2 WATEE
3 CLAY (PEAK}
4 CLAY (IILSIIJUAL}
5 SLIP SURFACE
6 THÍIUST LINE
7 PTIREAT IC SURFACÈ

f.IFECTIVE
coñE5 I ON

0.0
0.1.)
?.000
0.0
0.0
0.0
0.0

\o
o'\



SUMI{ATY OF INTL¡ì.SLICE FORCES ON DO!T¡HARD SIOÊ OF OESIGNAfLD 5LICES

SL¡CE NUMSLR FIOd. CU}ìPONEI'¿I

ITERATION NO. I

HOR. POS. OF I-S FORCEVERT. C{JMPUNLNT
0.0

3Ill.0v
6ru{.3¿

I2096.07
15517.5s
l2JJ.r.20
I 3>J6.2 7

14806. I4
ló147.80
8tvt.ó3
8J?7.00
ijc6l .94
8Jd9.86
8J20.09
ð¿5¿. 63
8¡87.40
4739.?u
4703.68
455*. l9
4c06.91
4 ¿Þ¿.53
4 l¿I .49
39ó3.82
3ð4 Y.49
3/Id.5e
35e0.90
3cb6.32
134 J.92
I J3J.9b
I ¿rJ5. ¡ 3
¡¿37.2t
I t90.20
I 144. U9
109,J.90
1054.6t
l0It.23
e6d.76
e27.?0
d¿J7.01
Irf J.I)
ö¿4.?5
7e6.34
769.4 I

-3+55.9e
-27ù9.2t
-2065 .7 2
-lu7¿.05
-3y7.lr¡

-62.e I
0.0

llEuD. FRICTIOt! ANGLË
0.0
3 .4ó
,.35

l2'el
I4.l.l

Ér. ¿5
6.t7
b.65
7.09
0.rJ
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

I
¿
3
4
5
6
7
I
9

l0
ll
t?
t3
l4
l5
Ió
¡7
t8
l9
20
2L
2?.
?3
24
?5
?6
?7
?a
29
30
3t
3?
33
34
35
36
37
38
39
40
4l
42
43

45
4ó
47
48
49
5{.,

fACTOR OF SAfETY =

17 ?8.4?
ö9 I 3.54

I s 3{¿.93
¿68ts0. ló
J44d 3.45
43t¡rJ.7t
4?37ó.95
5ld¿1.4d
5o517.31
5;.38J.{Ò
582d9.05
59?33 .58
5ú 7¿9. 0b
5r'?4{J .6d
57 768.42
573 I I .84
5oö70.c5
5o444 . ¿3
54ö5 0 .2ò
52¿rd3.0¿
5It50.37
4945 7 .9b
47rJ05.8ì
4blv3.9l
4q6?¿. ?6
43090.87
4¡595.d0
40 I ¿ ¡.0d
3rJ6d4 . 7l
37e68.70
3)ó79.00
3{5 I 5 .1.6
33I78.66
3l rì68.0 0

305dJ.68
2e3 25 .7 I
¿d ù94.09
2t,'189.79
?57'¿3 . ¿7
2*74 I .39
43e03.3'
2.',J093.86
?¿3 r2.7 t
l/9ùtr.t8
Ia0Ju.óJ
I0704.41
5555. I 8
¿05d. I I

325.9r,)
-0.23

Ì.176

I f,.92
I 8.84
¿3.76
eE.6ð
3 3.60
3¡J .52
43.44
48.3ó
53.28
5ö. e0
ó3. t2
68.04
72.96
77.88
B¿.80
47.7?
9?.64
97.56

102.48
107.40
¡ I2.32
tt7.24
l??. t6
l¿7.08
132.00
36. 92
41.d4
46.76
5t.ó8
56.60
ót.5?
66.44
7t.36
76.28
8I.20
86.t2
91.04
95.96

200.88
205.80
21o.7?
2I5 . ó4
?20.56
¿25,4A
230.40
235.32
?40.?4
245. I 6
250.08
255.00

\o
i.l



sUî'I},IARY OF INTIR-SLICÈ FURCES ON UOWNI/IAHO 5¡UL OF IJESIGNATLT) SL¡CLS ¡ÍERATIOÑ NO.

SLICE ITUMÈER

I
?
3
4
5
ó
7
lj
9

l0
¡t
l2
l3
l4
l5
l6
l7
l8
l9
20.
?L
2?
?3
24
¿5
?6
27
2tJ
¿9
30
3t
32
33
34
35
3È,

37
3b
39
40
4l
42
43
44
45
46
47
48
49
50

IIOR. CUMPONENT
I {ì39. 75
3e34. 7¿
ó73?.16

I s273.6 I
2t?63.t4
3¿3 70.0¿
3664ó.59
4tt57.77
45e0 3. 54
4 t 365.7 ¿
466?9.96 .

499J1.30
497¿i4.10
49650.4J
49530.2r1
4)4?3.36
491c3.04
¿re06J.34
47ó0t.9Ì
46 I 6¿.2i
4q7i0. 7 I
4337¡.98
¡r¿0¿6.0 /
4071 2.e3
3 '4 J¿ .59
3ó ¡ d5.04
36eó7.0d
3)770.59
3e344.50
33¿00. l3
320 7?.0$
3ue 75. ¿.J
¿eà94 .7 3
28A 35 .5 0
? t797 .57
2(r?Bu.,JJ
25 785 .59
24eI1.5i
2Jlló r .59
¿J0¡ô.0i
?239ó.a4
?I'le4.6l
?¡tt3.3d
l4dZ l.5e
I l47t'.99
d5e4. 9 I
4476.IJ I
¡6ib.57

¿dc .5 0
-0.38

VEHT. COMPONENT
0.0

I I10.62
3e2).47
6d73.I?
956d.4I
9?46.57

10470.45
I I /5e.3ó
l3r ls.?9

ó /66.5J
6917 . 14
7t31.04
7tt¿.0I
7 uY ¿.9¿
7075.75
7060.48
409\.¿5
4Uötì.61
3e65.8¿
36/{6. d5
3 I ¿e.??
30l4.J3
350¿.17
f39¿.74
3¿8c,.05
3Ið¿.09
30b0.59
2e8 (, . ¿JB

I Id+.¿9
I 144.b3
I I0{r.10
Iu6d.I¡
I 0J0. d5
ev4.33
958 .54
9¿3.4d
ð89.1ó
855.57
8¿3.(,9
795.73
772.37
749. ð ¡
7¿8.05

-¿b60.3I
-?¿14.86
-tó5b.67
-d63.79
-3¿J.e3
-54. 90

0.0

READ. fRICIION ANGLE
0.0
0.0
0.0
3 .5I
7.3t
¿.89
3.2t
4'ló
4.98
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

HOR. POS. OF I-S FORCE
L3.e?
18.84
?3.7 6
28.ó8
33.60
38 .5?
43.44
48 .36' 53.28

. 58.20
63.¡2
ó8. 04
7?.96
77.88
ð2.80
87.7?
9?.64
97.56

I 0¿.48
107.40
I ¡ 2.32
tt7 .?4
122. I ó
t27.08
132.00

. t3ó.92
l4 I .84
t46.7ó
l5 I .68
l5ó.ó0
t 6l .52
I 66 .44
I7 ì .3ó
¡ 7ó .28
I8 I .20
186. t2
I91.04
I e5.96
200.88
2 05.8 0
210.7¿
2t5.64
2¿0.56
225.4A
¿30.40
?35.3?
?40.?4
¿45. I ó
250.08
255.00

FACIOR OF SAFETY = 1.q63

\o
Co



SUHHARY OF INTER-SL¡CE T-ORCE5 ON OUdf'.¡14ARo SIUL of IJEsIoNATLD SLIcEs

SLICE NUMdÉR l''10Ì1. CL,F4PONF-r.¿T

TTERAIION NO.

t
z
3
4
5
ó
7
I
9

¡0
tl
t?
l3
l4
l5
¡ó
¡7
ld
19 .

20
2t
?2
?3
?4
?5
¿ö
27
28
29
30
3l
3?
33
34
J5
3t
3¡
38
39
40
4I
4?
43
44
45
46
47
48
49
50

FACT0iì tJF SAFETY =

VL.RT. CUI.IPONENT
0.0

2J5õ.94
52J 0 .6b
9t63.96

¡ I 9e?. ?6
l0¿3J.2d
l¡4Ir.32
I 267¿.80
I 3e93. 7¿
7l14.ó4
7340.00
75 I 0.54
7475.¿5
7441.9e
74I0.78
7Jå I .55
¿.¿14. ¿3
4¿59.48
4¡¿9.9d
400¿.4¿
3b 77.36
3/5s.20
36J5.9c
35¡9.59
3eub. ¡ 5
3¿95. É,I
3¡67.ó9
3rJó1.ó8
I ¿¿J.8r)
llt,l.7ð
1140.55
ll00.0e
I060.4¿
t02Ì.53
983.¿.2
9¿r6.09
909.55
873.7d
dJ r. ¿0
8I0.06
7 t)5 , -¿u

/6t.17
7Jd.00

-2963. o?
-23iJ ¿ .6 I
-l 733.53
-yir I . 7e
-JJó. 89

' -55. rð
0.0

RE0ù. tRIClIOrr A¡{GLE
0.0
0.0
4. ¿0
9.00

10.96
4.t9
4. J0
5. 04
5.69
0.{)
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

HoR. PoS. OF I-S FORCE
13.92
I8. B4
23.7 6
28.68
33.60
38.5?

. 43.44
48.3ó
5 3.28
58.20
ó3.12
ó8.04
7 ?.96
77.48
62.80
87.7?
9?.64
97.5ó

I 02.48
107.40
I 12.32
I t 7.24
122.r6
127.08' t32.00
I 3ó.92
¡41.84
L46.7 6
I 5l .68
I 56. ó0
16I.52
166.44
I7t.36
t76.28
Inl.20
tó6.12
t9t.04
I 95 .96
200.89
20s.60
2t0.7?
2l 5. ó4
??0.56
2?5.48
23 0 .40
235.32
24 0 .?tt
?45 . l6
250.08
25s.00

17ð1.12
5?37.6e

I ì b¿3.6e
¿0364. 36
¿ò64e. 48
J5rJI6.4rt
399ö 7. ó4
4q 354 . d2
c8978.02
50?2.J. be
5 1360.0+
525?3.ri¿
5¿32t.74
5¿0 e 3 .95
5t8/5.45
51É,70.91
5 I 290.76
5¡t13.74
4955e.85
4t10e9.09
4b5 ¿6 . ¿9
+5 06¿. 3ô
4363t.30
4¿235.1I
sdlt7J.77
3v5{ 7.3 I
3b25¿.3 I
36ed0. I 3
3>q90.ZI
3+??1.?¡
33075.86
3l 902.6d
3ù75¿.lb
2e6 ¿4. 3 3
285I9. Ió
27 436 .66
2ò_ì 7ô . tr J
?53 te.64
2+33ó.70
¿349 t . 7b
2¿77 ù.67
2?07+.06
2t40 I.93
Ì 53)3 .8 3
I I93t.7I
ö9E¿. ð3
c67¿.u9
1745.7t
290. I 0
-0.04

t.37J

\o



SU¡{HARY U¡ ¡NTLR-SLICE FORCES ON DO*NWAKI) SII)L OF IJESIGNATED SLICt.S

HCi¡T. COMPONENT
¡801.8¿
4f'5ó ' 5 I

I ¡J 356.2I
löl¿7.23
24385 .85
344dq .6 7
3ðóó9. e5
e J I ¿9.6ð
¿r7,J05.95
4e I2 I .66
50 3¿4. tr9
5 I 559 .55
5I351.23
51 156.90
50e ¡6.5 ¡
5d80e.9¿
5uqò9.95
5u330.59
4d8l3.tI
473ið.2t
¡r585e .5 7

1q4 ¿0 .9 ó
43 0 23. r+5

4 I 6)9.96
4ù3_ì0.5¿
3e0J5. I J
3 177 0,47
36526. I 0
35065.64
33d76. I o
327ùd.u0
3I563.57
304c0.{d
2e33e .5 0

¿8260.65
2l ?0'J .94
¿þ169.3ó
¿5 I 56.8e
?4177.ac
2J3i,i.05
?¿f_49,1¿
2lvÒe.ll
?13Ie.99
152J7.3i
llb34.Ir,
öv0l.6cl
463¿.1 I
I 73¿.39
2d9 .3 l
-0.()9

VET{T. CUMPUN¿NT
0.0

2099.93
46õ0.29
8Is7.?5

l0e¡J.63
985¿. 7tt

I1u54.07
l¿3¿? .7 õ
I 3656 .84
70t8.23
7 Ltl9.? I
7 3b5 .65
7 3r5. BY
7Jud. I J
7 ¿d7_.36
7 ¿5¡l .5õ
4¿05 . ó¿
4te4.?l
40o1.76
3eq3.ld
3b¿I.05
3/0I.?5
35ö). ?9
347 i .66
33fr0.88
325¿. 9 l
3t47.54
30c4.0 I
l¿09. lÞ
llô8.14
I l?7 .5e
lu¡r9.40
1u49.6¡
10il.7t
e/+.5|
e.iÉr.07
9u¿.39
db 7 .48
ð3.ì.7¿
ö 05 .2d
7b1.00
7 57 .56
73+.93

-?,''4o.54
-22ð3.1A .

-1717.85
-ri9 3 .91
-33q.3?
-55.84

0.0

REdD. FRICTION ANGLE
0.0
0.0
I .5ó
6.98
9 .62
3.1?
3.9 0
4.7?
5.43
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

I f ERAT IOI\ NO.

HOR. POS. OF I.S FORCE
t3.92
18.84
?3.7 6
28.66
33.60

. 3t.52
43.44
48.36
53.28
58.20
63.t¿
ó8.04
7 ?.96
77.88
8e.80
87.72
9?.64
97.56

I 02 .48
107.40
lI¿.32
Lt7.?4
l?2.I6' I27.0ð
132.00
l3ó.92
I4 I .84
t46.76
lst.69
I56.ó0
I6I . s2
166.44
I7l .36
I 7ó .28
18t.20
rrì6.12
leI.04
I e5.9ó
¿0 0 .88
205.80
210.7?
215 . õ4
??0.s6
¿25.48
230.40
?35.3?
?40.?4
?45. t6
250.08
255.00

SL I CL ITUMdLR
I
3
4
5
ó
7
¿J

9
l0
tl
l2
l3
l4
¡5
I6
l7
l8'
l9
2o
?l
¿2
23
?4
25
?6
27
28
?e
30
3¡
3?
33
3+
35
3¿ì

37
3u
3.)
40
4L
42
43
44
45
40
47
48
49
50

FACTOTT ùF SAFLTY = 1.40b

tsoo



SUMHARY OF IN¡ER-SLICE FO¡TCES ON UOW¡.ItrAiII) 5TD¿ ÙF DESIúNATt,O SLICI.S ITERATIOT\ NO.

SLICL NUMËER HOR.
I
?
3
4
5
6
7
I

l0
ll
l2
t3
l+
l5
16'
It
l8

. 19
20
2l
22
23
24
?5
?6
27
?8
29
30
3t
3?
33
34
35
36
37
38
39
40
4ì
4?
43
44
45
46

4ti
49
50

FACTOR OF SAFETY =

VERI. COMPONLNT
0.0

?¿ | 3.e)
4rL3.4¿
8605. Id

I 14I4.93
l00lq.Ze
I l¿09.62
l?47 l.Lq
I 3d{J I .4b

70d+.93
7 ¿5 J.45
74'¿1 .3c
7 3e5. ¿0
7Jo5.0,
7336.98
73t0.85
4¿3e. dô
422I.rtq
4u94. I 3
3eõÙ.?7
3ð4c. d 7

37 ¿4.34
3óù6.ó8
3+9 I .88
3379.95
3¿7 u.89
316{.41
305e.dl
l¿15.¿7
It73.8J
I l3l. 15
l0eJ.¿5
t054.tl
l0Ii.75
978. I ó
e4 I .34
9u).¿9
670.0t
8 35. 89
tr07.l6
'Ið?.63
/5d.93
'I 

Jta . O7
-29a6.96
-2¿8tJ.ö9
-l /?t.83
-hY>.trB
-334.e¿
-55 . d4

0.{J

'ìEUU. 
FH¡CTION ANGLE

0.0
0.0
2.ðt
7 .94

10.23
J.e2
4.07
4. d5
5.54
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
(,.(,
0.0
0.0
0.0
0.0
0.0
ù.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

HOR. POS. OF I.S FORCE
13.92
18.84
23.7 6

. 28.68
33. ó0' 38.52
43. q4
48. 3ó
53. ?8
58.20
ó3.t2. 68.04
7 2 .9tt
77.88
82.80
ò7 ,72
9¿.64
97.só

102.48
107.40
It2.3¿' tt?,24
l2? . I6
127.08
t3¿.00
I 36.9¿
141.84
146 .7 6
I51.68
t56.60
tó I .52
I ó6 .44
t7t.3ó
i 7ó. ¿B
I8t.¿0
Itt6.I2
¡91.04
I 95.96
?0 0 .88
¿05.80
?r0.7?
¿ I5 .64
'¿¿0.56
'¿¿5.4A
230.40
?J5.3?
?40.¿4
?45.t6
250.08
255.00

CUMPONENI
I 793.23
.r919.9tì

l{Jeld.72
lvt2?.63
25366.5 I
J50)¡. /d
3e¿33.6 I
4365 I .45
4ð305. I I
4e594.5 I
5!774.¿0
5ICvl.42
51766.45
515 5) . 6l
5 I 356.89
5I I 75.97
5ùöI4.30
5 ù 66?. 78
49 I ¿9 .62
q7619.¿a
+b I Jd.5¡
446e2 . I 3
43280. t6
cl9ù¿.59
4 0 559 .4¿
39?50 . ó5
3t912,93
367t i.73
352c? .e I
3404 ¡ .0 ì
32Sbi.40
3t704.i6
30 5b9: ¿9
¿9c56.76
2d3ó6.59
21 29A .80
2ô2r3.3o
2>?30 .2 t
24240,95
23c07.50
2?6e6.ttj
?¿otJ9.04
2r3¿r6.05
¡5270.bJ
lldô0.63
a9?¿. 19

I 735.5r)
289.3 /
-0.15

I .3e2

o
H



SUHHARY OF INIL'ì-SLICg IORCES ON 00UN*ARD SIDÈ 0F DE5¡GNAtLD SLICES ITERATION NO.

SL¡CE NUMJER
I
?
3
4
5
6
7
a
9

l0
It
t?
l3
l4
ls
I6
l7
T8
l9
20
?t
2?
23
?4
?5
?h
27
2d
?9
30
3I
32
33
34
35
3ô
37
38
39
40
4l
42
43
44
45
46
47
48
49
50

HOR. C0t{PONLI'¡T
¡ 7eó.99
4807.68

¡ 0669 .48
I d6E0.3 ¡
?4937 .77
34rt 0 3 .63
389v5 .4 I
434¿3.07
+6 0 86.6 0
4e390.0 7

50577.4Õ
5¡8ù2.34
5 I 584 .6d
5138ì.10
5lI9t.5d
5I015.¡ìI
506È').94
5u5 t 7.5¿
+õ99 I . ¿6
t l487.7|
4b0I3.59
q45l3.71
4.1 t68.I0
4 I7'16 .7 ¿
+ u459 .59
39I56.70
3?884.72
36635. I 6
3r ¡ 65 .86
339b9.39
3¿795. lö
3ì643.¿0
3ust3.5l
2e4 0 6. 06
¿rJ3¿0.87
?l?57.95
?6?17.?e
251 9B . rìó
?+7 14 .05
2J 3 d4.4 Ì
2¿ó /6.35
2199?.33
21332.3ó
I 525ð. b 7

lId5I.5¿
'd9t5.55
q638.99
17.14.47

2ó9 . ¿e
-0. ¿3

VERT. COI'lPONÊNT
0.0

? I óJ.45
4óoL.?l
itc06.l6

Il¿22.{,0
e94 3 . tt9

llI¿rI.5{
l¿40Þ.59
l37Je.o2
7055.7?
7 ¿-¿5.35
7400.33
7 Jõ9.24
73a0.ìb
7Ji.l.0d
7 ¿t3I .9 1

4¿?? . tô
421J9.79
4Uó2.60
395 /.3 I
3d3+ .4ó
37 l'+ .4tJ
35e7. f4
34óJ. u6
3371.6J
3¿Õ3.06
3157.0ó
30 52 .9J
t2l¿,6¿

. I l7I .3ó
l¡3Ù.87
l0eI. l4
I 05¿. l9
1014.ù0

9 7b.58
939.93
90,{.0¡i
bó.J .93
ðJ+.97
b0ó.36
78 I .9+
t5d . J6
73i.60

-2e44.65
_??a1 . 14
-ì 7¿u.55
-8e5.24
-J34.7¿
-55. €t3

0.0

'iEQù. 
FRICTION

0.0
0.0
2.?f
7 .53
9.97
3. ó3
4.00
4.79
5.q9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
ù.0

AN6LE IIOR. POS. OF I.S FORCE
I3.92
l8 .84
¿3.7 6
28.ó8
33.ó0
38 .52
43.44
4tJ .3ó
53.28
58.¿0
õ3. l2
68.04
7¿,96
77.88
82 .80
ð7.72
9?.64
97 .56

I 0¿.48
I07.40
t12.32
I L7 .24
t?¿.16
12.7.08
l3¿.00
I J6 .92
l4l . 84
I46.76
lsl.68
l5ó.ó0
l6l.5e
ì 66 .44
t 7l .3ó
17 6 .28
lðt.e0
l8ó. t 2
I9l . 04
I 95 .96
200.88
205.80
210,72
'¿15.64
'¿?0.56
'¿?5.48
230.40
?35.32
?40.¿4
¿45.16
250.08
a55.00

FACToR 0F SAFETY = 1.39ó

P
O
N)



SUMHAÈY OF- INTER-SLICE FORCÊ.S (ìN I,orrI.¡FARD SIÙc oF OEsI6¡¡AfËD sLIcES

SLICL NUMdEX
t
?
3
4
5
ó
7
I
9

l0
II
T2
T3
l4
l5
l6
T7
ìtJ
I9
20
2l
2?
23
24
¿5
?6
?7
2A
?9
30
3¡
3?
33
34
35
36
37
38
39
40
4l
4¿
43

45
46
(tf
cB
49
50

FACToR Of SAFÈTY =

ITERATIOI\ NO"

HOR. CÙMPONLNT VLhT. C{JHPUNÉ.NI
0.0

2l rr5. 88
4Ebl.03
84e4.74

11307.03
9e t5. ¿9

l¡ì7I.69
I ?435.4A
I 3 tôf. .6d
TuotJ.th
7 ¿37 .ò0
1+L¿.'¿9
TJitù.7J
7J5t.l9
7J¿3. b6
72ed. I 0
4¿¿ I .7¡j
4¿i5. ¡4
40ó1.70
3e62. I6
3dJr. u /
37t8.84
360 I .47
34ð6.9ó
3375.31
J¿66.51
3160.3ù
3u>5.9b
t¿ìJ.79
I t'l ¿.45
IIJI.¡J7,
I0e¿.u7
I 053.04
l0¡+.77

97 7 ,?7
94rJ .55
yuc.59
ð69 .4 0
835.37
b0ó.70
7 ó2.?4
758.ó0
7J5.d0

-294> .5rJ
'??ól .ò?
-¡ 7¿ I .02
-tt95 .4 7

-JJe.78
-55. b2

0.ù

RLOD. TRICTION AÑGLL.
0.0
0.0
2 .5I
t.7¿

I0.olJ
3.8 /
4.03
4.ð2
5.5¿
0.1)
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

HOR. POs. OF I-S FoRCE
. 13 .92

I8.84. ?3.76
28.68
33.60
JA.5?
43.44
48.36
53 .28
5Éi.¿0
63.12
ôò.04
7?.96
77 .8A
62.80
è7.7?
9¿.64
97.56, 102.48

107.40
I t2.32
ll7 .24
I??,T6
127"08
I 3e.00
¡ 3ó .92
¡41.84
146 .7 6
l5I . 68
I 5ó .60
tóI.52
I ó6 .44
I7t.36
I 76.28
I8 t .20
Its6.t2
19I.04
I e5 .9ó
?0 0 .88
205.80
210.7?
215.64
?¿0.56
??5.4ð
230.40
235.3?
?40.24
2¿r5.1ó
250.08
255. 0 0

I 7e5. 33
48i7.5 I

IrJTdu.od
1d877.¿0
?5t ¿6 .7 +
3ol¡3.5¿
3Yt 00.93
4J5?4.? I
48td3.38
494d{J.61
5ü66q .5d
5I¡tdt,.0ö
5¡605.1ô
5145d.J5
5t265.ó4
5t0ó6.70
5ù 7J3. J5
505dt.7d
4v052.45
4 75q5 . tì9
4ôuô8.82
446?6. O5
4J2 I 7.62
418a3.5ù
40503.68
3el9d.I8
37e23.65
36b7 I .5d
35 I ve. 85
3qooo.95
3¿rì24.33
3l rr70.03
305.ió.03
2e4¿ð.3¿
zd34u . e3
27'¿7i.84
?õ213.07
25¿ I? .5 I
?4?25 .7 6
233()4 .43
??6ó4.e¿
2l!¿9e.5¡
2l 33d. ?0
¡ 52fr3 .45
lIði5.05
891d.00
+¡40. I I
I7 34.1 e
?ó9.2b
-0.27

t.J95

U)



SUI,{MARY OF ¡NTCR-SLICL fORCLS ON OOWNBAKI) S¡OL OF ULSIGNAfLD SL¡CLS

HOH. COI{PONENT
I796.07
{¡j35.4¿

l{.,731.05
I d7d9 .66
250+3. I 9
34864.75
3105¿r. I I
4iq79.34
4d140.45
4'r440.45
506¿5.95
5l tt4b .9¿i
5Ió¿9.49
514¿4.1¿
5t¿J2.dJ
5t055.30
5070J.50
5ù553.3+
4.r 0 ¿5 .3d
475¿0.16
c00s4 .4 I
{e6 0 2 .9J
43 I 95.75
4 t ¡i¿? .85
4d4 ó{. ¿ J
39l7v.9rJ
3 7906 .5 I
3o655 .56
35 I öe.9 I
339d7.0e
3¿8 I t .54
316)ö.¿9
JrJ5¿7.3¿
2)41t1.62
?öf3?.?L
¿ ¡¿od.09
?o??6,?5
2520b.68
?4??0.76
2J390. I I
226óL3¿
e I 99õ .53
2l3J5.tra
l5?6I.6ù
I I tJ53.76

¿ty I 7. l,
+6J9 .8d
¡7:r4.86
2ð9.41
-0.0ó

VEIIf. COI4PUNÈNI
0.0

2175.94
4b?t1.97
dc55.3c

I I¿69.43
9e6 I .35

I I i 51.31
t?4??.66
I 3754.41

7 06¿.9¿
7 ¿3¿ .?ð
7c0ó.99
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0.0
0.0
0.0
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0.0
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0.0
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0.0
0.0
0.0
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IfERATI0t\ NO.

itOR¡ POS. OF I-S FORCE
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18.84
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3u .52
43.44
48 .36
53 .28
58.20
ó3. I2
68. 04
7¿.96
77.Að
8?.80
87.7?

. 9¿.64
97 .56

I 02.48
l0 7.40
I l?.32
I t7 .?4
I22. I 6
127.08
l3¿.00
I 36 .92
I41.8(
146.76
l5l .68
I 56 .60
I6 t .5?
I b6 .44
17I.3ó
I 76 .28
I 8I .20
¡ó6.t2
19I.04
I 95 .96
200.88
¿05.80
?10,72
2l 5. ó4
?¿0.56
225.48
230.40
?35.3?
?40.?4
?15.16
250.08
255. 0 0

SLICE NUMJER
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5
6
7
I
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l0
tl
12'
I3
l4
l5
l6
L7
l8
¡9
20
2t
2?
?3
?4
¿5
¿(t
?7
?8
?e
30

.3I
3?
33
34
35
3b
37
38
39
40
4l
4?
¡r3
44
45
46
47
4¡J
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FACTOR oF SAI'EIY = I.J97

FJNAL fACTOR OF SAFETY = I.39b
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DESCI(IPTION AI\D HT.MAfìKS

AU.I'Oì44-i I C¡\LLY COIIDUCTb..t) FOR Ë/rCH OI"- TI]Ë
IiGriT CIRCLE CÊ.I.,iT¿RS ASOUT TI.JI SP[Ci¡IL:D
CIRCLi: CEI'.lTF-R, l-i0RIZOl..tIAL Al,¡D,rOR VERi ICAL
iIIST¡\NCs Ol-' Â,llY ¿rDÍJITLCNÊ,L CIFìCt_[ CENTEiì
FROi,¡ TH[: Sf.IL-C]F1ED CIiICLE ci.I'iTÈR IS EeUAL
TO TIr¿ VALUË ¡CÉi!TER Jf!CREMf:I,]T I 
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TOT/TI.- NUMTJLI? T)F. STRAiGHT LII.,lIS RfOUIIìl:I)
TO DESCRII]L SURFÀC[ PROFILË, SOIL OTì iiOCI(
LAYi:lìSr VÂIElì SUili:ACÊ, PHR{:ATiC SU{ìF¡:rCF_ç
AND ([Orì 0PTI0N 3 ONLY) St"IP SURI:ACEe ANi)
THRUST LIr\Ë".
N0T[:S 

"}O X-I COORDII.IATE MUS] I]E LESS THAN
X-2 C00ÍlD I i'lAl I

2O VERTICAL LIf']fS dILI. I,,IOI BË
ACCÊPl-ED. SLOPES 0f' ALL t- IÍ'l[S
SI.IOULD BE LF.SS THI\i\ T TO 5OO.

T0TAL l\luMuER 0f. l'lATERI AL I ypÊ S,
TriIS f'AiìAI4ETfR SPICIFIfS TiI[ TYrJE OF
MATTIIiAL IMi.4EDIAI EI.Y AIJOVE A LINË.
NOTES O

I U I'IORi.iALLY irTIlCSPrlEIìE !'JOULD BT.
SPi:C Ì F I ËfJ AS MAl ER I At_ 't ypF- t¡o. i "
+ 0PTI0l'l I AND 0PTl0t'i A +g

2"'lllE NeTH 14ATERIAL lYPt LINËS DEFií\jr
TT{E P¡1IìEATiC SURFACf Ii: A PTiREATIC
SURFACT JS IhISERTID.

3" IT ORADIUSú OF A 5PÈcIFIED ciIìCLI
CINTER IS GiVEt'l Trli: VALUE ZER0ç
(Ri:FtrR T0 tìADiUS C0ì.1tiit,lT) A RADIUS
IJETERI.{IhI,\TION IS II.iPLiED. THE
SHORTEST DIST4I'ICE FIìO14 THE ClIìCLb.
CEhITF.R TO TIIE SERIES OF L INES
OEFINED fJ.I THE I,4ATERIÂL TYPE I',IUM[iEÑ
f.J - I (0R 0t!t iF ptífìE/il-iC SURFACT:
NOT ËiIPLOYEU) IdTLL IJE THE
DETERMII.,IED RADIUS.

.n cP'tIoN 3 #
4o THE NITiI I,IATEiìIAL l.YPE I.II'IES DEFINa

T11[ PHIìEATIC SUIìFACt. iF A PI-IIìEATIC
SURFACE iS iNSL.RfD"

5. THE NsTH - i yTATt.RIAL Typf Lii'tES
DEFINE Trtt- THRUST LlNt-. " If: /¡
TH|ìUST LIItE IS NOT Ir!SEiìTED /.r '

HORZONI AL THRUST LINE tJILL. TJE. ,..
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ASSUI¡LD. NOTË- THAT A I/AT[.RIAI. TYPL
NUf4i3F-R 14USf Bf iì[SFfìVi:D F0R T¡-jf-
l"lORlZONThL THRUSI Ltl'lE ASSUþ1pf t0N"
(THE MATIrì].ÀL Typt t.tuf"1tsft{ i.JILL dË
f! tr A PtiÍtíAl-Ic su[ìt'ACf N0T
i f'¡Si:R'I[.t-] ) "6" 't'rit NßT¡-t - ¿ t4ATItì]_At_ TypE t_lhttal;
DfFINI THf Sl-IP SLJiif-AC[. (f,l.-l -].f-
PIJRLATIC SURIÁ\CÊ. Noi. Ii{S:.R I.¿D) "il -15 NUilofl-{ O'¡ Lil',ltS T0 DESCRIUT_ pl-itìEATIC

SUxi'ACf: "2A D=0 -t'tO PHIìËAT iC SURFACE
0=l -PHrìÊ/ìl lC SUrìfjACE INSËRTED

5-ßN0"oF
L. I l\¡ES r t-f NE N0q

x-t co-
ORD ]- I.IATE
Y-t co*
ORD I hIAI'I:
x..2 cc-
0iìDIfrJlrTl-l
Y*2 C0".
OIìDJIIATI
ÏYPf NO"

TYPE NO"
þfATT]RIAL
DESC.
CUHES I ON

PHI

ùNIT rvT.

RU

1-5

MATERIAL
DESC 

"ChRDS

LIl.tE iDEl,lTIFItËì
Lii{t. CARtIS TO BA AllrìAhtG[.D Il'] SE0UENCE
FROi4 UI'JI TY TO î NO. OF L i IlLS O 

"I'JOT[" ALL PI.IRf /iTIC SURF ACE LIi!T DÂTA
( IF ANY {:XiSTS) MUSf BE pL¡\CEr.)
AT Tt-lI t-:t\]D 0F THE Llt'lE DATtr
SEAUENCE "

6 -T5 POSJT]\II OIì NEGATiVE Ab]SCISSA (FfET)

I6 "?5 POSIJ iVE ORDII.lATË PEIìTAIhIi'.IG 'iO X-I (rEET}

¿6 -35 (FEËT)

36 -4s (FELT)
¿ç6 -50 MATIRIAL TyPE AB0Vt SpECtFIED LIf.JE

I - 4 MATERIAL TYPE NUMIJEIt

5 -?¿ DESCR I PTON OF I.4ATER I AL
?3 "29 COnLSiVE SFiEAR STRET'tGTr-t pAtìA¡.1ETFR OF

MATERIAL (POUl']DS P{:È SGU¡1Rt It\jCH)
30 -34 INTLRT.IAL FRICTi0N ANGLE Shi:AR STRENGTH

PAR¡1r4fTER 0F þtÁTfRiAL (D¿GRLfS)
35 -44 T0TAL Ul.,tiT h/EIGHT oF t"iAT[-trIAL

( POUIIOS PER CUB I C F'OU T )
¡+5 -50 P0tIL\lJATER PRË.SSURã pARAFIATt_tì

( D I MÊ.I'.IS I (JNLE SS )

DEFIT\IED AS RATi0 OF pORE,vlATER PRESSURI
T0 0VtRtsURDEl{ AT P0It{T 0t- CONTCERt{
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DATA X CO*
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Y CO*
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H¡;U r us

MA I ¡'jpGÈi

COI--Ui4N DES;eF(Ipl ION ANU Rf M^Rl(S
1.10 o

-i.0

"20

*30

tt.

¿t

POSITI-VE 0R t.tLGATIVt (FEET)

POSI I"IVE (FEET}

( Ft-i:T )

1T KADIUS IS NIOT GTVEI,IC A fì/iDIUS
DETI-Rr'1 IhJATION IS II'IPLIID.

IJF-SCRIPÌIO¡] OF PARI\METERs - INPUT FUNcTIoI,iS

A

ASL I
COIIES

TJLSC
DISJO
HX
ñÌ
JPROP

KOUNT

L
LINT

LINES

1i0"

-SPECTFIIU IìADIUS OF SLIP CIiìCLf:
-l(Ul'lrjER 0f- Sr-.tCLS.
-COllE-SION SilLAiì ST¡ì[NGTIJ pAR/ri,ìETEtì Of: f.(ATER].AL T,Ít)rII'J Uf\IT5 OF },OUI!DS PËii SQU^RI II.]CI.J
-LìESCRIPTION OF MAT[RIAL IYPE*JOiJ OR PIiOJLC'i IJESCR I P-ì'i OI!
-hORIZOI',ITAL CUO'ìI)INATE OF SLIP CIR(;LE 6g¡1T¡¡1.VERTICAL COOIìDIi!AT[ OF SLiP CIRCLE CENT[R.NJUþiBEIì IDENI'If.YIh]G THE TYf)[ CF' t,,fATE.RIAL iI.1I.JIIJIi\ïELY

ATJOVE THE LJt\tt it{ AUES.t-LON
-i'IIJi"i9ER OF SPÉ.CIT IEO CIRCLE CEI,ITERS"
K0UNT = 0 t'OR 0pTI0t,l 3

.NUMAER OË MATERIAL TYPT
-LIhII NUI'rBTR. ÁLL LII{ES TO IIE iDEI\iTIFIED tsY ANUI4EER STARTIi.Jü FIì0I.4 r 1I ÌO OLIhjESg 

"*TOIAL i!UM8[R Ol STRr{tGHI LIi,,tL-S REOUITìED TODESCRitsE. SUf<Ë.ACE PROFILEç SOIL OR IìoCK LAYERS,i,.JAÏf R SUiìFACEç PHREATIC SURFACE, AT,JÍJ (TõR '-'
OPTION 3 ÛNLY) SLJP SURFACEç AND TTJAUST I-INE.I'IOT[" VERTICAL LJIlES IiILL NOT 8g ACCEFTT.D.

SLOPES OI. ALL L INES SHOULD tJ¿ LES' TFiAI.I500 T() l"LNS -ToTAL NlUl'rùEfì Ol--LiNES TO DESÇrìiBE p,-tREATIC SURf.ACENtJiS -INPUT Rf0UÊSl' ?A? o THIS REQUEST ,n,It_L Ai!ALySt:
SLOPL. UY OPI IOI.J I (T]ISHOP!S METHOD Or SIICES) 

"A = I -IìEQUEST ANALYSIS 8Y OPTION IA = 0 -trro RÊ_(JutST OF 0PT I0N i
NOT[ " oPT i Or.] I cAhJ BE EI.lPLOYED S I f"IULTANEoUSLY

ì¡JITH UpTiON Z BUT NOI þ/ITH OpTION 3.
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RTOUES-I !C[ " TI.I IS RI..Q(JEST I.jILL, ANALYSñ
Sl-0pt"_ biy (,.pTiOi! 3 (JA¡tBU r.llTHOrJ 0F SLICh.S) 

"Ç = I -r?EoU[Si At',]At_ysIS ity 0p1 i0N 3
C - 0 *irìO RÊ-(iU¿Sl 0F 0pTI0t,l 3
I,J0l'8. ùp-iI0f,j :i cAf! N0I flE ErapLoyt-..D It{ THE S/ìMI

pFìotìLEl4 !,JIfi-i Eifr'1ER opTION 1 0il opTI0t,l 2oIVPH¡ì -¡I)¡= ] II. Pi-]Rt-A]1C SUR|'¡\C[ INSERît:D¡[)O: C IF Pi,ii¿Ú.¡\TIC SURFACf: f.IOT I¡JSTRTIL)
i.]íìËD -NI.'pILìEI.I OF ÍìÁII](JS TF.S.IS. TI-I]S SPEC].IiIS ìHE.

l.,iiJi'ltJ¿.R 0F tsgf5'iO uE C0i,tDUCTLD AT /\ St)ECIFIC
CIRCLË- CE.i'lTCl< i'llTi-i R/rDl.US iJ¿Il\0 THÊ. 0¡l-Y VARliitli..ENSIi'I -]NPUT Iii.OUESI O5) U THIS Iì[QUTST U/TLI- ANALYSE
SLOPT- dY OP'I]OI'ì 2 (5II,1PLIIITD þiETHOD OR
0Rt)If!/rRy r"1ETh0u oF SLICES),
B = I -i-ìEOULSî A.t'rrrLyS I ti By 0pT i 0N a

. B = 0 -N0 RtL¡U{:-ST 0F OplIOi.,l Z
r\roTE. OPTIoN Z CAN tsia ti'4pL0ytD Sit-1ULTiìNlEoUSLy

tlITl-'l 0PTi0iJ I IJUT N0T t¡lITrt 0pTI0t.t 3"
ÑTYES -TOTAL I'IUI4EËfI TJF MA.TËIì I AL TYPF-S

ATMOSPH¿RL IrI,,iD KJAT[R AfIE TO BE CONS iDEIì[t)
IIS þlATLR J IiI. TYPES

PHI -IN1[rìr'1AL FFIiCi]0f'l lilrtCìLE SHEAR STRENGTH pARAi.tETfrl
OF MATERIAL TYi-II iI,J UNI]'S OF DEGIìEES

RADL *RIlIJIUS DICR[i1i-:I.]T I.JH[N I'IRUD IS G¡IfIrTT-R THAN oNE.RU -POrì{: ITRLSSURI tjARAþIETER 0F i"1Al-ERItrL TYpE.
D I f,1E I.,IS I T)I(LE SS "RU 1S DIFINCU /\S THE Rf¡TIO OF PORf'#AT{:Iì PRESStJfì[:
TO-ttiE 0VEt-lbUi-(UEt'¡ AT ThE i:,0Itr-I 0R pLANi-:
OF COi'ISIDIRAl IOI.] I,JHICH FOR TI-18 PURPOSI OÈ. TI-IIS
PROGRAt4 IS Tt1[ r]ASl_ 0l-- EACr-ì SLICL

STLP -ÀUT0r'IATICALL.y TES'rS fiGHT CiRCLE CENTEFTS AtsOrJT
].HE SPEC]-FI¿D CiFICLE CF-NTEIì" NORiZONTÂI- AND,/Oiì
VERTICAL I)iS-TÂITCE OF ANY ADDITiONAL CIiìCLE
CfNiER FR0M Ti-li: SPICIFIED CtRCLt: CLNTE'ì IS
E0UAL T0 THË V/rLUL rSTLPf .

UNIl/JT -TO'ÍAL UNIT I.JEIbHT OF MATËRIAL
POUI'lDS PER CULjIC F00T

X(i9I} -THI IlORJZONTAI- COORDiNÂTE OR A SIRAiGI-iT LiI,rE
x('tçt) -Til[ sEcoND H0RiZ0NTAL C00RDitlATE 0F Â sTRAIGFiT

L I l'lE
NOlF- - X(lçI) I'iUST 8E LESS THAN X(ZçIt

Y(I,]:) -I'H¿ V[RIICAL COOFì{.)INATE OF A STRAICHT LI¡IE
CORRfSPùhitrINb T0 X(tr I)

Y(2,I) -THE VERTICAL COORùiNAIE OI C STRAiGhiT LTNE
COIìiìESPONDIhJG TO X(2,I)

ó e o o Oo G o ô o a o e o o o C C I o ô o ao G a a C ô O O a O 0a t I o o C ô e ca â c Cl o o c G a a oc a O a a cû O o a c

SUdROUTINES REçUIRLD
IIEADR
STIi',S
RÉ\D I S
PROFL
SLICE

0

C
(;

c
C

C

c
c
l'

c
ij
c
(-

f'

c
c
L
c
c
C

C

(.

c

C

c
(.

C

c

c
c
c
C

c
L
c
c
c
C

C

C

C" n n o.
C

C

c
c
c
c
c



M/Ä I I']PGþi

ÈTC!J

JAiTiJA
.]Ai!CA

DIt4i:l'ISIOiJS Of' FOt-L0\{il'lG V/\RI¡\ii{-[S MUST tiE
, ,rRF-t\¡i-p liì/\t\ et'¡0. oí: tiAlÉflIAl-'lyP¿sr,

,jJiilÉ.NS.!.01'! COHLS (20 ) çË'rr1 (20) sUl.lIi.lT (e0 ),Ru (20 )

t)il¡li{SI0l'lS OF F0LLUi..Jil.tG VARI¡\Lit-[S ¡4USi BI
(ì¡ì;:/\lt-F? THAN el!0, 0F SLIC!-S6.

i)IÍ{r,.N¡:;IÐi't COúSl- (] 00) çTr\hipH ( 1 c0) çcOSAp ( t0û)
0it.ii:-l.r :.ioh] t.iu:ì(i00) 'tJIL;l-l T (lûrr) çSII'i,¿\P(i00)
Dl¡rr.f.rsl bN sLCriP ( I c0 ) çl ANAP ( I00) ç'l-iìi\l/r.T ( 100)
DIþri:.r'1510{.t CshPs (ì00) rii-t0 (i00) eDLPDI'I (i00) cxRI (

I)IJ.iLNSIONS OF F OLLOi'II./G VAFiII\I]LES I.4UST IJE
6RL^l'È-R thA¡'j thio, OF STRA. IGIiT LII'ti-.:ì r.

DII'4¿l{Sl.rJN LlnL ()00) çX(2ç100) çY(2ç}00) çJPROP(l
D:l14[l'{51Or'J SL0 ( It.,0) çSLOirO (I0t) et3 (}00)

uIi'lLt'rsl.oNS ol- FoLL0l,iit',lG vARIATJLi:s i4rJST uÊ
GRËATf R THAN ¡ r\j0. Or- SPLCII IED C IiìCLi:

DIi'lt_Nslcìi.l Hx (50) çr-ry (50 ) ç A (50 ) rRliD (50 )

CCJi.lii0N NUil e l..lOT ç NU r KT g Kf f)
CCIMÞ1OI'J F'5IFçJPIì
COÞii'ION NI(i( ç N14 ç KKç J.Js KLPT ç KJ
C0l,il,irJhl r.r ç r\,r\'f ç I.rN ç l(t- El) ç Jr.1 , l\tNll{
COi,'ltl0l{ I r, L ç i(ç NtìETA c Jç Nl!RÉ-T
c 0 l"l i"l o l\ L l_ t\i F, s I N ï y I s,r L f .] s ç fr! P t-l iì p L. N hr s ç t.l T y P E
c0tli,ioti INç ioçK0ul'lT e NRi:Dç NLlISrNSlr"l
C cJl4MONl y H i ç t-- X'f r'l.r S t- r ç úS L I ! X l!t-- X T e y I N
COMl"l0N EXLö r YLO¡ [)(rll r XkLT ç Xi4ItJ
COMI'1ONi RADL ç ASL i ç RAt/M I
C0f'4l"l0l\j ST[.fr + I'iCEl'l
COMi,ION l'lJÂ,i'.l

202 F0t<i'lAT (4 (i:10,0 ) )

240 [0i.ri4,1T (/I

I.N - i NPLJT i)EV i CE CODI
IO - OUTÍ'('T DEVICE CODE

iN =Ll0 =3

000tr

0002
000:r
000¿t
0005

0006
0007

0008

û009
00I0
00Il
c0l2
0013
00I4
00i5
0016
0017
cr()L{J
ù019
0020

0021
002¿

t.
L
c
c

C

c

c
c
C

c
c
c

C

TLz.

EOUAL TO OFì

f cluAl_ T0 0rì

0 023
00'¿4
0c25

:0 
26

40¿7

U

c
c

l0tì)

L.AUAL TO OR

00)

EQUÉ"L TO OR

CEhI TERS T .

660 CAI-L RLADíì ( L i t!E ç X ç Y ç JPROPç COHIS ç PH I c UN I i'lT r SLOr SL0PO r ts e tìU )

Il- (ÀSLI) {J03r803E66I

OPTION 3 R[OU[57

6ól IF (liJAN) i00çÌ00çI0l

COI'IMF.hICE Af\¡ALYSIS I OR EACH SPECIF IED SLiP CIRCLE CEI.IT[R

c
c
C

c
c



00¿lt]
0[129
0030
0031
()OJ¿ì

0 0:|3
003¿r
00*ìir
0036
003-¡
00:i¿l
0039
004c
00¿rl.
L\04¿
0 0¡+3
Q04¿+

0045
0 0z+6
0 0¿+7

0 04ti
0 04!)

0 050
0051
0052

0053
0054
0055
0056
0057
0 058
0059
0060

.006I
:006?
0063
0 0 6rr.

113 .

t4A I i,,iPcF1

l()0 DO 4 K=1çKOLINT
R[:-Au ( INo¿û¿)rìX |() ,tJ\, (r(¡ u4 ¡6¡
I l-' { tlY (,< ) ) 6.-ì6 ç 636 ç B0+

tJ 0¡+ NfìFl /\=i\Ri:-r)
r,|-ìITE (\0ç74.0)
NCIi.J = 0
Fi/-\DlìT : 0 "IF (A (K) ) lt-tç 193ç 307

307 iìADËlT = /i (i()
co I0 305

19.1.J=0
G0 tO *l5o

34ó CALL SIi--PS il-ìfo¡¡¡
NJRË] Â - i']rILU
A(K) = RÀ[rr<l
IF (A(t\)) 356ç.J56c305

35b CALL lìiìtlIS (JË)ROPçSLOshXçl.lyyBçXçRÊ,Dçyr/¡)
G0 TO :ì05

30É, A(K) = A(f()-RÂf)t_
f05 CÊ.LI. PiìOFL (SL0P0çúlçSLOçHXçHycArX)

If- { J-1 ) (r36 ç 63É,ç I 05
105 CALL SLICtT (XrSL0rlJeflYçHXçA¡JPtì0pçUNII¡jTrtsUSsr¡JIGHIçSIt,lApçSECApsTA.l,j¡\

I P ç COtsSL ç T /iiJPr-i s C0S/.\P r pi-l I ç COTiES c RU i
636 CAI.L B.ISIJ (VIIGHTCSII,iAIJçCOBSLgTANPHçITUSçSECAPçTANAPçI-iXçI-iYçAçCOSAP}

Go l'o I¡ìo
101 CALL JAf\PA (,lt-)R0PçXryçSl.-0rLJeUi,,l ìì/TçBUSTdIGHTTT/rt,lATrTAtlÁ.p"c '[ÂNPl'recOt1LSçcs/rPsçcOLJsLçt]1-0çRUçpHI 

çrJE-pDr,rqxRi)
CALL JAf.¡Cli (þ/ltiriTsDTOrTAtnÂPofiUSçTANpHçCSApSrTlr.N4TrC0tJSi-rDEpDNp.x.f-ìI)
G0 T0 ii05

180 f\kfTA = rrti?c.l'¡r -l
655
654

4

IF (NR{:TA) 655ç655ç306
IF (STr-_p) 65¿i q4ç654
iIRITE(i0e2z'6¡
IF (8*NC[Ì'l) 4s4c346
CON T I NUE

PROiJLEI'1 COMPLETED - L)O NEXT ONE

c
C
l'

805 GO TO 660
803 CONTINUE

. CALL EXIT
Ë Nr)



c
C"
C

C

C

c
U

c
C

C"
c

SULJHOTJTIi.IE RfADIì

SUtJiì0Ul' i NE ti[/rlJir

FUI.IPOSE. 1. RI-AI..IS INPUT DATA
2. CALCUL-ATES Y-IIJTLÈìCLPT ÀND SI..OPT OF

Ê.ACI1 STRAiGHT I-JN["

LL4.

Rf n [rR

(LiNiç X çY c,jPk0PrC0ll[-S e PäL rtJi!I\",1T ISl-0ç SLOP0e Ie Rr.j)

o6cêoG

DII'1LI\SION Lthlt (i)sX(2E l) çY(2gI) gJPR0P(l ) TCOHES(I)
DIi'1l'.hlslOi\ PHI ( I ) ,tJÌ!Iì,-JT ( I ) ç SLO ( I ) rSL0P0 ( I ) ç tl ( I )

Dir4r_t\lsIoN iìu(l)
D I I.iLI'JS ION I)Ê-SC ( 5 )
Dir,ìi:NSIoi! rJf sJ0 (l¿)
c0r"1M0t'l l.luM ç l.,l0T ç t!u ç KT r K[:P
COl,ijvlO¡\'l l- SçF ç JPfl
CC)í4þi0ll NKK ç Ni,1 r t<t( e JJ s KIpT ç KJ
COI'I r-1 ON N I i'l N T r NN ç t( E ti P ç Ji'1 r lrllrllrJ
C0M¡lO1l1 I sL ¡ K ç N.ifl¿TAr -l s NNRET
CO14I,IOI.( L if',JfS ç I'IFYËS ç LI\.IS c NPFITI y LNNS ç NTYPE
Cot'tNl 0¡! I N r I o ç K 0u i'l T e f.t R E D ç N ¡j I S e I't S I t.j

COt4¡,iON yHI e EÅTNç SLI ç IJSLI ç Xt,lEXT y yTfrl
COI'ii'iOI\,l EXLOç YLOS h.XIiI ç XRi.-Tç XMID
COI'1t'TOhJ RADL ç ÁSL I ç ì.ìADI"1 i
COî4¡.10í\.1 STEP, NCEI'J
C0'YMOl.l NJAI.J
FOR[.]Á,T (I5ra(F10.0) ¡ I5)
F0RÌ'4AT (4(I5) )

FORMAT (3 (F I 0.0 ) )
FORM¡\T (1.0XçI5e4 (I0XrFl0.3) ¡ l0xr I5)
FORMAT (III)
FORI'4/.IT(TX¡/IÌOXr'I'IUMI]ER OF STRAIGHT LII.IES AF{E'¡I4S/STAXIINUMts[R OF

I MATERIAL TYPES AllErçI3;/sI0Xç¡t'JUMBIR OF LII'lES RgOUIREU T0 DISCRIh]
2E PHREATIC SURFACÊ,S ARE I r I3çlr I0X¡ rNUMBIR OF Ë'rf RIATiC SURFACES ARE

200
20t
?t)?
?rJ7
?08
?09

'3rr13)
224 F0RtlAT (4x rl¿tsT i 1r+a+ gA?srz8rFl0.3rT49çFl0.3rTóBrFÌ0o3rT90¡Fó.3)
225 F0RMAT (I4 ç4A4¡AZsF7 "3çF5.3¡F 10.3çF6.3)
236 FOR¡"141 (/¡48Xr TSLOPE STABiLITY ANALySIST I

I / r57Xç rBY IHfr ç

2 /¡47Xç rÞ1ETHOD 0F SLICfS TECFINiQUET s
3 /ç47Xs ?*------- ---------. t/l

237 F0Rl'{AT (/q }0XrtC00RDIl'IATES 0F GIVF:N STrìAIGHT LIl,lES ARE AS FOLt-0t{S¡
I r // clIXr eNUrttsERr rSXr tX-. I COoRDINATET ç6Xr

. 2 ry-l c00RDlt'lATEr e6xr rx-2 cooRDIN/\TEr ebxr
3 rY-2 COORIIINATEr eSXr I IYPEr )

238 FORMAT t / s-15ç | TYPE I r Tl 6r I S0IL I r T3l r I EFFECT IVE I r T5 I r t EFFECTIVE I r
I T72g t TOTAT I r T85ç | PORE PRESSURE | ç

? / çTl3r TDESCRIPTI0Nt çT3I r tCOHESI0NT r
3 T49st FRICTI0N ANGLErrT6gr rUNIT WEIGHTTT
4 TS5TtPARAMETER--RUt)



IìEhDrì

250 l" Orìi'1/',1' ( I tl.il + r..l0cl DESCIì.iPTI0l.] I

I /t-ì*ìxeî'l- /./ r 55X ç

500 f'0ril.14T (2 ( i5),.1 (

5üt Fui{riirT (3(-r./ ),i
50;l FCtrì.1/ìT (ÌXç eCL|J

1 f, Acf I f.Jl [,F(:iÉcj'i
3 /,)-f(-1ç oXt
lr TB.l ., 6 St- I
57çfYtsT67ç1XiçÍ

503 F0ili'1AT (I0):,ç tlìtl
R[AD ( I I'l 1,50 ] n F,Ì.,1r,ì

RiiAD (iNç202)i\S
REÁrtl (INrb00)1.,0
ßriìlTE(I0'2ûB)
r,Jí:i I Tf ( I0,2-16 i
trRl.TE(I0,250) (

RF-/.\D (fN"20])Li
l{RITL-.(lOç20cJ)LI
IrRIT[ ( I0c 503) A
ITRIT[ (IOr?-3'/)
LI.JN5 = LIf\t:S .
NTYI)E=i!TYLS - N

ilO I I= IcLiNES
RLAD (Ir't e?00) L
yifllTf(IO'207) L

I CON I iNUE
TTRITE ( I0,238)

r Jlrl
!ì^

] it¿t

Tlí-ì
0i',ls
"'l-ì
PC
'l 5s
t"ldrJ

=ì0
LI
UNÏ

DTS
I'rtS
I!E S
SL]

LhIS
PHf{

i htH

I NIË

iru
.0
çA

0
9l

5ç
I¡ì
î'/
R

2)

ç I'l

JO
ç I'J

9 l\

i tJATÁ, 1ç/r55li,ç
))
3)
F f:iilLtJ[-i[ AlìCû çT30ç 0RADit-JS
'I rJ:Je Tt_oi{ PoINT 0F¡ ¡Tl0ce ef¡i,
p Y ç rT2l!)p rfliLt u{ìf ARc{ rT5/ie 0

Cl-L" 0 .,'l 100 y t SIþ1Pl.IFI[:D È.]ISriLr
ç r T¡-J5E : )( $ eT92r tY t rlì 00 e I iii-T
0i Sl_LCrS =caF5.I)

Nl:i I S ç l',l$Il,f e N..,A,Ne (Di:SJC (,J) s J

IìÊD, I?ADL E STEÊ'

(J)çJ=Lç12)
TYÊ.S s LNS, NPIIR
l'YF-S r l-fiS ç NPHR

s0 ? ç lXc I IA4o¡\30 o

L
c
c

1)

flO 2 L=IsNTYES
T,IEAIJ ( INI225) Lç (UESC
lÀrRIT[ (IOç224) Lç ([¡ESC

2 CONT i NIJE

CAT.CULATE Y.INTERCEPT

l15.

lJO 5 i = I:LIt'lES
IF (x(?çi)* x(l,I))

II0 SLO(I) = (Y(2çI) -Y(
SLOPO(I) = ABS(SLO(I
8(i) = y(IrI) - SLO(

.-- t 
9

0f:rç
CTOII
I.J J TII
PSÊç
t-l0fi

=lrJ.

(I) çX (l¡I) pY (l çI) çX(2¡ I) rY (?sI) TJPR0P(I)
( I ) cX ( I r I ) rY ( I ç I ) çX (2r I ) çY (?-çI) ç JPROP ( I )

49ç rOfl0uitD sut:ì:
0F SÂFfl'Y! ç

SLJP CItìCLI.O;
çlXrT49çrXrçT5'

t',íf TH0D | )

GOTO5
120 SLO(I) = 0o

SLOPO(I) = 0"
8(I) = 0.

5 CONTINUE
\,JRITE(iO'20t])
IF (N.,At\l) l00sI00rl0l

7

LO?

I00
l0l

AND SLOPE OF EACH LINI

KX) rKX=I r5) çCOHES (L) oPHI (L) rUllil/T {L) cRU (L)
l\X) çl(X=lr5) çCOtiES(L) ¡Pl-ti (L) rUNIL',T (1.) rRU(t-)

ASLI = O.
GO T0 lot
tdRIIE(I0r502)
RE TURN
ENI)

0çl.20rll0
I)) / (X(zrI)- X(IrI))
'r X(lçI)



C

L
C

L
c
C

c
c
c
c
c
c.
L

S] LPS

sutlÍl0u I 1 Nr. STfPS ( t-lY e l-1,x. )

Sl,ijRt)UT I r'lf Sl'IPS

f)Uf(rJ0SI
TO AUTOITAÍ]C/\LLY TEST fICFIT CiRCLI CINTERS AIJCUT
rilL SPí:CiFlli:D CtRCI-h- CrNTEíì 

"r-l0iìt1_0r{il\l_ Ai.tD,/0R vLRTIcAL Disl"At'jcã 0F A.t\ty ADDITi0NAL
C]IìCLI CFI.Jît:R F ROI'1 THL SPÉ-CIFIED CIRCLE CENTER IS
EOUAL TO TIII VALUE ¡SI'f-f)OO

c o ô o o o o o o o ó o6 0 ô 6 0 c ô a o ooo ! I o o o o o o o a o a c ôo o ¿ oo o c o a f oooo o c a

DIl,1i:r{Sl0N rlY ( I ) rHX ( I )

C0l,il''l0N i'ltJÞ1c f'lCT ç i!LJç i(T c KEP
COI'11'10i',i F Sc F g JPíl
C0MrtOl'.1 Nt(l( e Nl.leKl( r JJs l(LPTeKJ
C 0 i'l 14 0 i! f'l s N l"J I ç N nl ç l( L E P ç . l l''i ç I'l N lrl

COMI'4OI'] I ç L ç K 9 NIìET/\ ç J ç NNRIT
C Ot4 l'1 0 i.l L I N E S r N l. Y E 5 ç L i'.,1 S ç N P t-l R ç l- l\ N S ç l'J T Y P E

COI4i',íOI'I INç IOçKOUiJT,NRF.Dg I.]BlSI NSIM
COI.4I"¡Oi! YI.II ç EXTNç SLI 9 BSLI 9 XNIEXT' YTN
cor4i',10l'l t,xL0 ç YL0 ç l_xH I ç xRET I Xr'1 I t)
c0t'lr"ioN tìADL ç ASLI ç iIADNI
C0i\1þlON STEPei.ICEN
NCEN=rlcEl{+ I
GO T0 ( 3+0 ç 3+l e3t¡2ç342s 343 r 3¿+3 ç3¿t0 c 34.0 ) ,IVCEN

340 HX (K) =rIX (K).STF:P

34t

342

343
347

GO T0 34¡
HY (K) =ñY (K) +STEP
GO TO 347
HX {t() =iix (K) +STEP
GO T0 347
r-rY (K) =Hy il() "STEP
R F- TUR i'l
END

116.



fi/r[r I S

SUi,JRij(jIi¡\l[. RAt./IS (JPROpç SL0pliXehye[ìe¡rFìADsyçA)

C

c
C

C

c
(;

L
Co " n

C

SUEiiOLJï I NL fìAD I S

iJUi.ìPOSE
l0 0F:TLRþrIl'lE THfl f'11t!It4rJr.i RÁ,Dius f-Rotl A SITECiTIfD
CIi.ìCLr. Ci:hlTIlì T0 /_r pA.i:ìT ICUI_Af]ì SURI-/rCE

oa o oô o o o o o ó c. o o ó G q ô, ô o 0 oo o ö oc s o oo ô c o s o o oo o o ú o o c o a o ôo a a o oo o oe ø o c

DIrqËl{S IOi,l ,lpnop ( I ) ,SLo ( l- ) e Hx ( I ) rrÌ ( Ì ) s rty ( I ) çx (2¡ I ) efìAD ( } ) r y (Zç I )DiÌ.1r-_t\isI0i! A ( t )

coM'/¡Oi.l i'!uÞ1 e N0T ç llu i ñT ç Kf p
c0i'1t40i.t t- s e r ç,lPiì
cot'4t',i0f! Nlr\K e NMe Kt( r _t.J ç t(f pT ç KJ
C 0 l"l I'j 0 i! l',.l r N I,l J ç I,l írl ç l( t: E p e J 14 e l.l hl N
C0l4r"10i! I r l- ç l( s Nil[.TA ç Jç i,ltrlRET
COI'lMON L IIIESì C IVTYES ç Lf'JS C NFrIlR, Lf,IIiISç NTYPE
COMI'i0l'l Ir{, I0ç KOUf.lTç f!iìLD¡ NBISe t!SIM
COi4Þ4Of{ YHI IEXTI'Iç SLi IBSLI 9Xfl[X-T,YTN
COi4MON EXLOg YLOC ËXFII I XIìE],XþIID
C0r.1¡1Ohl RATtL T ASL I ç RADt4I
COMI''ION STIp, NCEII
NNIìLT; I
N=0o

C

c
C

c

L

IJfTEIII.IiNf STiORTEST DISTANCI fROM SLIP CiRCLE CTNTI.Iì
TO L.ACH STIìAIGh.IT LINI I,/TTH MATERIAL TYPE N-T (OR NIf PHREATIC SURFACT 

.IS 
NOT PRESENT).

DETERþI]i.JE I./IIETI1ER THE STIOIìTb-ST DiSTAIICE 1S TANGENTLINL OR KIHETHT-R IT TERMINATES AT TIlE END POINT OT'A

D0 90 I=IçLNi',lS
It (JP|ì0P ( I )-NTyPF-) 90r 194r90

I g4 I,J=N {. I
IF (SLO (i ) ) 195,3t0r t95

195 SSLO=-I./SL0(i)
BB = Hy(K) - SSLO-:|1X(K)
XX = (dB - ts(I)),/(SLO(I) - SSLO)
I{r (XX-X ( I r I) ) 3I2ç312r302

3IZ RAD(N) = SORT ((HX(K)-x(i¡r))++z + (Hy(K)-y(IçI)){.r.2)
GO TO 90

310 It (H.{(l()-X(lrI) )3}Zr3IZç3tt
3lI IF (HX(K)-X(2'I) ) 3I3r3I4r3l4
313 RAD(N) = Hy(K) - y(lçI)

G0 TO 90
302 IF (xx-x (2r I ) ) 303r314r3t4

Ll7.

314 RAD(N) = SQRT((hX(K) - X(2rI))++Z
GO T0 90

303 YY = SLO(i) tt xx + rj(I)
RAU (N) = SORT ( (HX (K) _xx) +1.n2

ï04
LINE.

+ (HY (K) -YY) r+ã,2)

+ (HY(K)-y (?tIt )#+2)



fìAD i:ì

9C C(.)liT I I'JUf1

tJf'lt_tìi"lIf,lr þiIt,{li'iui4 r.ìADIus t- tìoi,i LisT

IF (l\ - 1 ) l9c¡ 304p ì96
l"9(r lti|'ll-=tl-- ].

c
c
c

RA0Èìl -r<Ai,'( l ì
DO 9l i\i¡\ s Ll\l¡,1T
If- (RAD (i\ii'l+t ) *fiAi¡þ1l ) 3]5iç91 ç 9t
i.ìAiiì"i I=ilÅD iNNr I )

C Of't T I l',ltJ I
A ( l( ) =F(AD{"j I -0 .0 I
G0 T0 dOo
p(K) = fìAD(i't ) - 0"01
COr\iT I NUE
I.IF:TUR¡!
E hIiJ

31.5
9l

30¿r
806

CALCULATT-D ATJOV[ 
"

118.



C

C

c
L
c
c

c
c.
C

c
C

C

Pf{oFl-

SUtJi(Otjf INL PiìOijL (SLOpOçflçSl_Oct-lX¡l-lyçAçX)

oarod6oooo6¿c

SUIJIìOI,lI'INE PiIOFL

PIJt{i]OSE
l. TrJ DETIi*4Jr\f Tr-r[ T!J0 r-{0RIZOi.rr/rL r-xlìEiliTit-s oF

THE SfCTiON TIO{Jf{i] iJY Ti.lf C]fìCLILAR SLIP SI,,]RI Å.C8"2. CALCUI_ATL L C)l¡Jf ST VEIìT I CAL POS I T I OII OF SL iP SUI-ìFACE 
"3" CALCI,IL¡i.TE SLiCE !{IDTH.

DII4LNSIOT! SLOPO ( 1 ) , tJ ( I ) , SLO ( i ) ,HX 1 ¡ ¡ eliy ( I ) rA ( I ) r X (Zr I )

I]II'lENSIONS OF FOI,-LO!/II.IG VARIABLES I",ItJST tJE EQUAL OR
GfìEATER THAI,J ¡NOO OF SIRAiGHT LINESO.

Dlr'jLNSiON itx (200) r rìy(200)
COMM0T'l NLIÞ1 r NOT c i'lU ç KT ç t(EP
COMMOhI f:SçFçJP¡ì
COþIí.1Of,'I NKK c Npl ç I(K ¡ JJ 9 KEPT, KJ
C0t4140f{ N q ¡.tNT c Nr{ ç t(Ì:EP ç JM ç lrlliliil
C0l'lf10i{ I ç Lr K, l\RETA ç Jç NNRET
CúMt'10¡l L. I NES r Nl' \, f_S ç LlilS r rvpHR ç LfrrNS ç NTypE
C0l'1M0i\i INç IOç K0UirlT,Niìf:DrNù lS g NSIr{
Cot'trfoN yHI çEXTI'.tç SLI ç rìSLI rX|ttxTç yTN
C0F1r"jOi\l EXL0 ¡ yLO r ExH I r XREI ç Xl,iIt)
COþ1i'lON RADL ç ASI..I ç RADM I
coMl"rot\ sTEP, NcEt,t
J=0 o

UETERMINE THE TFJO HORIZOi\JTAL ËXTREI4ITiES OF ì'HT SECTICN
BOUNI] BY THE C I ÍìCULAR SL I P 5Y¡1¡4q5.

DO ó I=1 TLINES

c
c
c
c

G O O O O C O 6 O 0 O O ô e c o ó ô o 6 G ê a oo

I 19.

AQ= l" + SL0p0(Il,*+?
BQ = z"rld(I)3rslo(I) - 2.r1rlx(K) _ 2n+Hy(K).r+sLo(i)co = tì(I)j1r12 - 2.ì¡Hy(K¡+311¡ + Hx(K)*#2 +Hy(K)¿fr¿z_A(K).*rå2
D[l = 8Q**? - 4.{.Ae.r+Ce
IF (Da) 6g197çI97

197 PINTA= (-iJQ-SORT (ùO) ) / (?.#Ae)
PII.ITB= (-tsQ+SQRT (DO) ) / (2.*AQ)
IF (irINTA-X (lçI) ) l0lr l83, lg3

183 IF (pINTA-X (2¡L) ) I84, I84,101
l8/+ J= J+l

RX (J) =PINTA
RY(J) = SLO(I)+RX(J) + B(I)

l0i IF(PINTB-X (Ir I) )6ç185et85
185 iF(PiNTB-X (?rIt, I86rì86r6
186 J=J+l

RX (J) =PINTÙ
RY(J) = SLO(I)*RX(J) + B(I)



frR0F [.

6 C0r\il l NUi-
l(LLt, -¿
If: (J-i ) 1,.'¿)r l42 ç635

635.J1'4=J
D0 3l t'tNh,l ..- 1 e JM
D0 30 ¡] = lyJ
i¡r (RX (f'l) *iì)í (i\F-EP) ) IÍj7ç30ç30

L B7 KEf P=r!
30 C0r'tTIhlul;

I{: (Nl'lr'J - Jt'f ) 198e I-11+r.L9tJ
1_98 it (N¡lN * l) 1.99rI99ç133
199 F-X{_0 =iì)i (t(ilL!r)

YL0 -R\'(t<1.-t--P)
RX(KEE.P) = 100000.
G0 t0 3I

I33 CCHX = RX ( KEI,P )

CCíìY = RY(I(EfP)
RX (KECP) = l.00000 "GO IO 3t

]- 34 EXH I = RX ( r(EEP )

YHI - RY (KF-EP)
3I CONTINUE

CALCULATE LTII,IEST Vå.RTICAL POSITION OF SLiP SURFACE.

IF (YHI-vto) 630c63Iç631
631 IF (Hx (r.) -ExL0) ó32r632¡ó33
633 E XTN=HX (K )

YTN=HY(K)-A(K)
c0 T0 6t7

632 EXTN=EXLO
YTf.l=YHI
G0 TO 6i7

630 IF (HX (K)-LXHI) 615ç6Ì6r616
6I6 YTl.l=Yrl I

EX TN=E/. H i
GO TO 617

6I5 Yì'N=HY (K) -A (K)
EXTN=HX (K)

617 Nul',1= 0 "l{0T = 0
NU =ù

CALCULATE SLICE vJIDTH

SLI = EXNI -EXLO
BSLI=SLI/ASLi

l+2 XNEXT = EXI-O
XRET = XNEXT
RETURN
END

c
c

L20.

c
C

c



I2L.

SL,I CI

SUt3iì0UtIl'lf SLICE (XcSl-Oçl-lct-i\'çriXçAçJPtì0i)rUl'lii,JTçBtJSrHIGllIçSINlApqSf:.CA
I li r TÂl'lAP ç C0dSL e l-ANli)H, C0SAp e t)it.l r COrjfS ç lìU )

c
C.
c
c
c
C

c
I
c

c
U

C.
u

SUEROiJTII.Jf SLICf:

PURPUSF_

I0 CALCUT-ilIl, THt:
ÞJHICiI ARb. THLi! TO
THE STAIJILITY OF
SURFACE t,1t--THOD Ú[:

DIt4ENSIoN ùus ( I ) çttIGHr rl ) çsiNAf)(l ) çsEC/r,p ( I ) rTirr.iAp (t)
Dit'tEllsION X(Zrl) çSLO(i.) çiJ(l) rhY(l) rHX(1.) çA(i) çJPIìOP(l) TUNIrlÏU.)
DIMLNSIC)N COtsSL(I) çTANPH(}) çCOSAP(I) sPHI (1) çcot,IES(])
DII4ENSTOi.I RU(I)

DII4ENSIO}{S OF I.-OLLOþIII\G VAfìIAdLES MUST 8E EOUAI. 'IO OR
GREATIR TI-IAN !LINES!"

DIí'4ENSJOI! JPIìPE ( iOO ),YI]ISC (i OO)
DIr4ENSior\i yIr! ( I oo )

Col'11'1oi'l NUM r N0T ç NU ç K T ç K[Í)
COl.1l'l0N f:SsFçJPR
C0,'114ON t'JKK r Nt"l ç KK g JJ ç l(EPT ç KJ
COþli'10i.1 N c Nf\tT c NN ç KIEP ç JM ç hilJN
C0MtqON I o L ç h ¡ Niìf TAr Jc l.llrji:lET
COMI"IOi'¡ L I I!E S I Ii T Y I S ç L N S I I,,I P 11R I LNNS ç hI T Y PE
COM¡ION IN, IOgKOUI,IT,NREIJçI,,IbISç Ir¡SIU
COMþlOhl yHI e EXTNpSLI ç tsSLI y XNEXT, yTN
COMI'ION EXLOI YLOI EXHI I XRET ¡XÞ1II)
COI"IMON RADL I ASL I I RAIJM I
COMTION STEP, NCEN

CALCULATE MJÐ-POINT OF SLiCE

325 XNEXT = XNEXT + tsSLI
X¡,I ID = ( XRET + XI.]EXT,, /?.
XRET = XNEXT

l2[.] YMU = 0"
RFLAG= O

CALCULATE MAXiMUÌ"T I"1ID-PoINI Y.cOoRDiNATE oF SLIcE

D0 ll I=l¡LNNS
IF (Xl'llD - X(t'I) ) llró00çó00

600 IF (XMID - X(2'I)) t23¡I23rII
I23 YMUM - SLO(I)JTXMID + d(1)

L: (Yl,lul"t -YMU) Ilr Ilç601
ó01 YMU=YMUM
1i CONTIIiUE

c
c
c

PI.IYS},CAL PARAM[ÏERS OF EACI] SLiCE
Ê]f II.1PI.OYID Ii! TiIE ÂNALfSIS Of:

A SL0l:'E iJY Thi: CIRCL,LAR Sl._IP
SL I Ct-S TECHN I QrJí: ,

C

c
C

u
t
c



SL]CE

CAL,CUL.ATE MII,III,lUI..J MID.POIiIT Y*cOO¡ìuIN/\TI Or SLICE

ì.21 lrAG= I .
BAG= 2".riilY (K)
c/rG= Ìil¡Iû¿;.4i2- -2"t:,11Y,..(t()r?xl.¡ID +l-j)i0()ìi+2 +i_ty(,()#r.2 _A(K¡+r.*2
Dy',G= tJAG'*t,¿ - 4."J¿CAG
'/l{L = (ú.qu -S'JrìT iDAG) t /,2.
Iþ- (Yl4L -Yr,lU) 60?E700,t700

ó02 NUI'l =NUil+1
\/tì-lL) - Uo
KT = 0o

L
c

c
c
C

CALCULATE DEPTH /'it,lD r'1AT'ERIl,,L I'ypE 0F EACH LAyER 0F SLICT

DO l3 I=lçLINES
IF (xMtD-x(lçI)) t3r603ç603
IF (xt'rJ.l)-x (2gI)) l0É,,I06eÌ3
YF0ND = Sl_0( I)*xtliD+r3(I)
IF (YFo¡{D-Yt'lt_ ) I 3r I 3 ç I ¡3ii
IF (JpROp ( I ) -NTyp[) t89ç t89o ¡-9¡
Yr-S=YF (.r¡it)

GO T0 13

60_3
106

l8B
).90

i89 iF (yFOí'Ju-yr.{u) Iglr l3s 13
I9l IF (YFOt'tD - yFlL) l3r t3y 107
t07 l(T = KT + I

JPtìPe(KT)=¡P¡6P,',
YIN (KT) =YF ONli)

l3 CONTiT'¡uE

NEXI SÏEP DIPENDS OI'J NUI.IBER OF LAYERS PRESENT IN SLICE

IF (KT -t) 605r604ç609
ó04 YII'l (2) =YIN(l) -lo
605 KEP=?

NKI( =0.
BLiT =0.
NM = 0.
I,JEIGH = 0.
IF {KT) t0Br i43ç 108

108 DO l5 t'J =lrKTiF (YiN (N) -YIN (KEP) ) t5r t5ç6?i
621 KfP=N
I5 CONTINTJE

143 hlKK = NKK + I
IF (NKK -l)607r606r607

606 YINA=YI4U
607 IF ( (KT+l)-NKK) II0rtì0rt09
IIO YiN(KEP) = YML

KK=0

OETTRI.4iNL' TYPE OF MATERIAL AT tsASE OF SLiCE

DO 18 JJ=ITLNNS

c
L
u

122.

C

c
c



St, I Ci:.

it- (xt'liD *x(ir-,J) ) iìJç(:¡09ç60tì
ó0è1 I¡' ()(r.4iíJ .-/.(¡:jrJJ) ) llSr j lBç18
lltì YDi:ìC(JJ) = SjLO(-,J) ìfXf"j ID + ¡j1..¡¡¡

IF (YDi:)c(JJ) * YlNi\) i29+lUç!.8
129 l(l( - i(K + ]

YtJISC (Kl() -: YL)ISC (JJ)
,lPl1r.E ( Kñ ) =JPRûP ( J-r )

l8 C0i'rlINUf
IF (KK*l) 610y609ró10

609 YDi.SC (2) sYDiSC ( i ) -1
6I0 Kt Pi=2

D0 l9 K"l "- lçl(K
It (YDISC(iiJ)-YDISC(KElrf ) ) L9ç l9cóll

bl l ÁeP l::K\.r
l9 C0ñIiNrlE

JPR=JPRPE ( KEPT )

HSLI = YIi!A -YIN(KEP)
GU TO 144

DETT.RþiINE PHYSICAL PARAMT.TERS OF EACH LAYER

109 l-iSLl = ylr\./\ -yltJ(KLP)
JPÍi:JPRPE ( r(EP )

144 r*¡LIGH=¡,sLIlluhl IBT (JPR) +rt-lsLi + ilEIGH
NOT=tJoT+l

PORLI,/ATfR PIìESSURb. CALCULAT IOf\J

8U = 0o
iF (8UT) l3lç61-2!l3l

DOES EITHIIì A PHREATIC OR yJATER SURTACE EXIST

6L2 It (YES) l35E6I3c t35
ó13 If {UNIVT (JPiì)-62.4) I32 sL?7 gt3Z
I32 tiU = 0.

GO 1.0 13l
I?7 tstt = (YMU -Yr'1L) Jr ESLI + 6?.4

G0 t0 t3I
i35 BU = (YES .'yl,iL) * ESLI * 6?,4

YES= 0.
i3I YINA = YIN(KEP)

YIN(i(nP) = (Jn

80I BUT=BU+bUT
8t0 Ii-- ( (KT -NKK) ) lllrÌ43c108
lll NU = Nu + i

DETERI"IINE I.iHETHER SLoPE oF EI4tsANKMENT IS PoSITIVE
OR IlEGAT I VE "

IF (YHi-YL0l 326ç3?6ç327
326 HOR T.Z=HX(K).XþIID

G0 TO 8lt
3?7 HORIZ=XMID-HX (K)

C
(.

c

c

c

C

c
c

L23 "

C

c
c
c



SL I Ct:

SiJþIilAfìY OíJ' PIIYS IC;AI- PAI{AMLTf FìS Oi EACH 5L] cT.

BI I ttltS (í{U) = i:itjT + RU (Jprì¡ +r¡,¿16¡1
!i L Gi'¡l- ( t'tu ) =*[ i Ghl
VËL?T = HY(K) * YI"IL
HYPOT = SQRT ((A|JS(ir0RIzr)**z + (Arls(vERT))+rr¡z)

Sh.CÀP (NU) -HypO f .i VIR.ì-
TAflAP ( NU ) :;H0t< I1 /Vt;.RI
COTiSL (irtl) =COHt-_S (Jprì) +rJSL tr.I44"
l'Ar',lrrr-r ( iJtJ ) =s i hr ( prì I ( JpR ) {.0 0 0 r 7¿+53 ) /cos ( trr.r I ( JpR) +0 

" 0 r 7¿r53 )C0SAP (NU):=i 
",/SLCA.p (f,tu)

700 ctlECt( = E)iHI - xt!ExT
IF (CI-IECK -(0"5*BSLI) ) Ii3r325r3Z5

I l3 C0¡lt-I NUE
RE TURN
E NiJ

L
a
c

L24.



c
c" 

"
L,

C

C

L
L
C

C

(-

SlJliROU.f I t'\ri: tJ ISrt (

I S;AP )

L25.

BlSH

i"l l GHl ç s I i"lAP ç coi'lsL' r l-Âr'rprr r BtJs r sE CAp r rArirAir ç Hx r Hy r A ç c0

SUdIìOtJ í II.Ir- B I SHOI)

PURPOS T.

TO CAt-CLJLATE'ì'I1E
OF /\ Sl-Of)E t'J l_ 1.rt A
! IJISI.lC)P 9 S þIf THOTJ ¡

IJIMENSiON T.JIGHT ( I ) ç5II'.AP (]. ) çCOTJSL ( I ),TANPH (I ) IBUS ( I )Dil"4ENStOI't SLC/ìÍ) ( ì ) e TANAP ( I ) s ¡-tX ( I ) o Hy ( I ) e A ( j ), COSAp ( I )COI',1i40N NUM ç I'rOT p I,JU r t(T r l(Èp
COMi'1ON FSçt',Jprl
COMM0I'l Ni(K e i'Ji4 r r(K r JJ, t(LpT, l(J
C Oi"l 14 O l\,1 N c N N T ç I'J N r )( E E p r J i"l e f,,l ir,¡ ¡1
COirrM0lrj I ç L s t(, I'ttìEl'A ç Jç ¡it,lkIT
COMMOI'l LINIS çNTyLSç Lr,lS ç tvoHRçLtrtNScNTypE
C0trf,iON Il!s IOçK0UN'f g NRLùr NUISç NSIi¡
C0t4i"10N yljI, L,xl-t.tç SLI çrJSL i ç xtrtxf ç yft,l
COMi'toi\i f XL0¡ yL0eExHI pxRETnirnll_l'
COMI.4ON RADL, ASL I , RADM I
cOt'iMor{ sIEPe¡6E¡1

FÁCTO[ì OI- SAFITY f:OR THE STABII-IÏY
CjRCULÅtl SLIP SURF¡\CE Êìy
AN0./0R 0oRDl.l.lARy t.lLrrì0D' OF- SLICES"

505 l'Oi?MAl' (IX g-lZsl'l.ZgTl?tF
l T/+4.;F7"1¡T5ZrF7.
?. TB0rF7.ÌçTE7çFZ,
iF (HY(t()) 638r638çó41

ó41 It (J-l) 638r638r637
638 EXL0=0.

YL0=0 o

EXHI=0"
yHI=0.
ExTl.¿=0.
YTN=0.
FS=1000"
F=1000"
G0 T0 620

637 IF (NûIs) 618r õ18ç l8l
l8l tJsIt\A=0.

C0tiBI=0"
FST = l"

c
c
c
c

7.?sT3l rf-7.1r
I cT62 çF'7 " I ç T70 c F'l 

"J. ç

Iç Il00 st 7.3rTIlI g17,3)

RE-iTEIìATION EOUATJON TO CALCULATE FACTOR OF SAFETYtsY IBISHOPIS METHOUI.

t7 D0 16 N=lrNLl
t./SINA = !.tSINA + (91IGHT (N) *SINAp (N) )' CtsTN|./ = Cù8SL (N) +TANpH (N) * (rvIGHT (N) -BUS (N) )ENOTE = SECAP(N) / IL.+ TANAP(N)*TANPI-ItIrITrSii
C0t4tsI = COt4dI + CBTNþ, .r+ Et¡DTE



Llt5il

l. r; C0l! I I NI.JE

1l / f's = coilcI ¿.r,liì Ii!A,
lf F (FS)b?ÌçlLb4622

6?? CO|\ø I =0 "
i4S If!A =0 .
iF (Fs-l-sT) ll4sl14e6Ì4

ói4 LF ( (tjS-FST)-0.00] ) I l6ç116çli5
Il¿r If ( (FST*¡-S)*0.C0i) 1.I.ús LLócI 15
il.5 FSI'= l''9

G0 T0 Ì7
6I8 tS=1000"

I.OUAÏIO'.] TO CALCUL.ATE FACTO'I t)f' SAFETY UY
I ORD I NA[ìY þIf ]'HOD ! .

it6 If- (NsI14) óI9c6l.9gIc)?.
t 92 Ct3 fl'lr,.i = 0 "

V/SIi.lA= 0.
il0 26 I'j = I çfJU
vJSif{/r.;l/JSIt,lA + (FIiGHT (¡l) r?SiNAp (N) )
ciJTi.¿i'J=crll.Nr¡l +corJSL ( l!) ì.stcAp (N) +'l ANpH ( N) # ( vJì GilT (N) if

ICOS/TP (N) -BUS (N) I'SECAP (N) )

26 CONTil{UE
F=CUTl!tJ,/\,/S II,JA
GO T0 620

61.9 F =J000"
620 I'lllllt(i0ç505)HX(K)rHy(t(),A(K)eEXLO¡yLoçEXrlIryljIpEXTNçyTNrFrFS

IìE.TURI'I
Et.ID

c
c
c
I

L26.



, I27.

Jiìi'tPA

SUtJR0UI'l¡,r8. .JANPA(JPf'ì0PsXqyçSL_OçhigUi',il_i,i TçgtJSç\..r lGt-lTçTAl.l¡1 I eTANAp,
Tli¡lPr¡ I Cg¡¡t e Ç_e/i.Ig I c()tjsL E Dl-0 y tiu, pll i e Dl.t.,DN ç xfì I )

C

C

C
t-

(-

C

C

L
c
C

C

C

C

L
C

c
C

C

c

L
c
c
c
c
c
L

C

c
C

c
C

C. o

C

SUEROUÏ f ¡JI_ JANPA

PUiìf.IO S E

TO C¡.LCULAIË IIlE PI.IYSICAL iJARAI,tEIERS OI. EACH SLiCT
I./I.IICI'I IriìE I'I.IãhI TO BL EMPI-OYEIJ IN THE ANALYSIS FOR
TrlT STAUILlTY Oi; A SLOP¡. CJY TI']f NOII*CIRCULAR SLIP
SURF/rCI t4f THOD 0ñ SL ] CLS T¿CHN I eUE.

RËI"'IARKS

ln SL.iP SURFACL IS DEt-Ii\LD.iy A SErìjES 0F STR¿lIGHT
Lii.JES I\/HICH POSSISS TI-iL TYPE NUMÚER ONI,JTYElN
NNIYE = h]TYPE. + ].

?.O TI.1i]IJST LiNI IS OEF'INÉIJ IJY A SERiI..S OF STRAIGHT
L 1í'JIS I,.I'H I CII POSSE.SS TIJE TYPF. NUMtsER I I,J¡,JI"IìU ¡ .
Nli TRU = NT ypE + Z
NOIE" A TYI'L NUt.iiJE.R I,lUST AL|'/AYS BE ASSIGNED FOI'ì

IF

3O PHRIATIC
LIi\F-S.
IF ? NPHR I

If,.rNfrHRr

DEFINITIONS
DEPDN = VERIICAL DEpTH Of-- SLICE ON DOT,JNi,JARD SIDE
NTYPE = TOTAL ¡jIJI"1tsER OI I.4ATERIAL TYPES
NNTYI = TYPE NUMuER ASSI(>NED TO SLIp SURIACE
NNïRU = TYPE NUMBER ASSIGNED To THRUSI.LiNE
NTYIS = TOTAL NUþJBER oT TYPES

o o e o e o o 
" 

o o ó e o 6 0 
" ' 

o 
" " 

a o a a a a a ao a a a a o a a a o a o a G a a a a c a a e a a a a ê o a a a a o c G a o

T IlE T h}ILIS T L- I I.I[ .
A THRUST LIi{E IS NOT DIT INED BY A SERiESOt STRp,IGiiT LIrr¡ESç /r HORIZ0NTAL TrìtìUST

LINE i5 ASSUI4TD.
SUIiF ACI IS DtÍ: INLD BY A SEi?iTS OF STRA.IGHT

= }I A PIiIìEATIC SURFACE IS ASSUMED IO EXIST.
= () ç I{O PHREATIC SURFACf iS ASSUIJIf] TO I:XIST..

DIptÈNSI0i{ JPROP ( I ) çX (2ç I
Dit'tENSION T,JIGHT (I) TTANAT
Dir,rE NsI0r! c0LJSL ( I ) rDTO ( i
DIt,lENSION DEPDN ( I ) IXRI ( 1

c
C

c
I)IMENSiONS OF FOLLO...JING VARIABLES MUST BE EOUAL TO OR
GREATER TTIAN ILINESI.

DIMENSI0N yIl,J ( 100) ryDtsc ( I00) r JpRpE (l00)
CO|4MON NUl4;NOT r NUr KT r Kb.P
COt'll4ON FScFsJPR
COMMON NKK r i.,II'1 ç KK r JJ ç KEPT. KJ
C0Mi4ON N¡ NNT r Nr!ç KEEpç JM¡ t{NN
COMMON I ¡ LI KINIRIT,Aç JçNhIRET

çY(?s l) rSLO(l) riJ(I)
I)ITANAP(I)ITANPH(1
cRU(1)rPHi(i)

rUf'liWT(1) 
'BUS(1))rCOHES(l)TCSAPS(t)



_JirNiJA

c0Mùì0i\ L .li!L5. l\'lyf s ç l.-NS " i,rptlil ç Ll,,l¡\ls e l\jTypE
C 0 t.1 ¡4 0 ht I i'l 3 l_ 0 ç l( rJ U i\t T ç til lì ii- L,r ., i,i il I S ç i,,t S L i4
COi.1i40¡J Yttl, L.Xl'i,rç SL I ., uSL I ç Xñf ÀT ç y tt,i
C0 t,,i''i(,) ;,i 1.,{ 1... C) ç Y t. 0 .r E X ti 1 e X t.: i: l- o X Ì4 I t)
COì.,ir'lOiJ t?rrl_1¡_ o lrsl-. I ç |ìAi.Jl,4 L

C()i"lÌ'i0iJ STt:.r' ç NtCãN
Cut'it'i0i! NJ.'ll

4Cri F Ofìi1¡rT (2X,t\ (F ) 0,?ç?X) )
EXL0:'t0¡r09¡.
Èxi-rI=-100000"
NT YPL=I\I] YLS-IvPIìR.2
r{i'lT y[ -^lIYi:S* NPHR* I

^lt\ 
ì RU=i{l- yÉS -Npt-itì

DETIRMit![ THE Ti,i0 l-t0RIZOt,iTAL IX1'REt"lITlt.S 0l-' THf
dOUhlD dy THE NOÍ.J*CIr?CULAR SLIp SLIRF'AC[.

IJO I l-IçLf'JNS
IF (JPROP(I) - t{NtTYf ) ).g?.çI

2 XLO = X(ì.cJ)
XIJI r: X(2çI)
It- (xLo - E/.LO)3ç4ç4

3 EXt-0 =XL0
YLO =Y(1çI)4 IF (XH.l-EXrlJ ) L l,5

5 EXHI=XnI
YllI= Y \?çIl

I CONIINIJE

DETERMII,¡L SLiCE i.T'IDTH

13SLI= (EXrii-LXLO),/ASLI
Il- (gSt_I ) 7/¡¡74r?01

201 NUiv = 0
NCtJ = 6
I'lU =0
COuN=0.

DITERMiNE Ì¡JHETHER THf sLopE oF -ft]E 
EMHANKT4ENT Is

OR NT-6ATiVE

iF (YHI-YLO) tl0çIl0rlZ0
I¿0 XMIIJ =t.XHI + (ÈSLi/" ")I30 COUN = couN +Ì.

Xl.1 ID = xt,tID _?.r+ asLI
G0 T0 150

ó If (YHI-YLO) I40 ç 140 r l3l
110 xþtIr) = EXLO - (8sLI/?.)
140 COU¡rl = COUN + l.

GO TO 150
I 3l CO(J¡I = coulJ + I .

XMID = XMiD - 2.+ BSLI
150 TANttË = 0.

Ì ANRT=O .

C

c

L

n
L
c

128.

c
C

C

C

SECT ION

POSITiVE



JANI-'A

YMU = 0"
Xl,¡iJ =Xl..rIÍl 43SLI

LJEl'Llì''1 r.f([ þ¡ IMl-1lJù1 ANU 14i\.v, It.iui¡ y-c00iìDIr'triTES 0F i-t0fìIz0t'ITAL
i"1 ItJ-t:ruLNl tlf sLlcL"

D0 7 I=1. çLr'li,lS
IF (.JPRuP(i) * hii'l l'yÈ-) tt."J'-l

tJ It (Xr4lij * X(lrI)) 7çIlçll
Ll iF (xi'ijD - X(2çl) ) ).2s1?s7
I2 YMUr"l = sLo(I) 4 xi'410 + B(1)

il' (Yi\1utl - yrÍU) -(ç'lç13
l3 Yt'1u = Ytluùi
7 C0i'lT L f'lUE

DfTEIìI'1II\IE Aí\bLi- /\T i\/IJ]CH ThI INTER.STICT FORCE ACTS
0N ThL D0',{Nlt,iAtìD Slùt 0F St-ICt

IF (yHI -.yt-o) t7o,I7oçl6o
160 XRiGTJ -XMiD - dSLl,/2.

GO t0 180

C

L
C
(-

c
L
c
c

170
Ì80

102
106
107

XRIGH = XMIÙ +'ósLT/?"
DO 101 i=1.çLl'lNS
lF- (JPkOP ( I ) -r.,lt{TRU) 1.01, }02, I0l
IF (X|ìlGH .. X(lçI)) t0tç105r106
If (XRlGrl - X(2çI) ) I0-/ç105çl0t
T¡IN¡iT = SLO(I)
GO TO IOI

TEST FiORIZONTAL POSITIOT.I OF IJO\,JNI./AIìD SIOE OF SLICE"
IF TIlIS POSITiC)Nl IS EXACIL.Y AT THE INTERSECTi0t't OF
TI^JO THRUST LII'IES¡ TI-IËi.J TI.iE ASSUI,4PTiON IS 14ADL TiIAT
THE TìESULTAN]T ANGLL IS THE t4IAN OF THE ì 

'¿JO 
]i"1PLIED

ANGLE S .

c
C

c
c
L
C

c

L29 "

TO5 TANRT= SLO(I,/?. +.I-AI.Ji.ìT

101 cor'tTINUE

DETERI'4INE llJHICH SLIP SURF ACT LINE IS AT MiD.POINT
OF SLICE

DO 20 I=lsLN|NS
IF (JPROP(I) -NNTYE) 20s?Lq?0

¿I If (xMID-x(lçI) ) ?o¡?4s2?
22 IF (XMID - X(2rI)) 23g24,20
23 YML=SL(J(I) iXMItJ +B(I)

TA¡!I([ = SLO(I)
GO TO ZO

24 TANRE = SLO(I) /?. + TANRE
YML=SLO(i){XMID+B(I)

20 COl{T I NUE
NUùl = l.lUM +l
YES= 0.
KT=0

c
c
c
c
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c

J/ìNPA

DETÉRMriii: IvU¡,1iIËt? OI-- LAYIRS ]I( SLICi]

f)O 33 1-.1 çL. l¡,ri:S
Il- (Xpil0 .-,¡,(ieI)) 33s*ì¡+ç_?4
ll (XHLD -)i (2+ Ì ) ) 35q j5ç33
y{:oNit =sl._o(j) il xi"iIlJ + rr(i)
if- (YFCì¡tD *YML) 33ç33+30
IF (JËfìOP(l) - i,l\tTiìtJ) ?_ljç25ç3tJ
YES=Y f-- 0hlD
(;0 1.0 J3

'> /,

35

36
3B

?5 IF (.,PilOP(l) - NTypi:) 37,37r33
,J i I F' ( yt" of\D * yi..tu ) 39 ç33 s 33
39 IF (yf-t'ri'10 - yrviL.) 33ç33s41
4I KT=KT+I

YIN (KT ) -\'F Oi,tu
JPíìPË (KI') =JPROP ( I )

33 CONJ'I I NUF
lf (KT*i I t¡Zs43o42

¿r3 YIlrl (2) =YIr\(l) - ì"
t+? KEP = 2

l!KK= 0

IJUT= 0.
Nt.i = 0
l,IEIGH=0.
VERCO= O.

DETÊRM i hJE PHYS ] CAL PA.RAùlL TIRS OF EACH

IF (KT) 44s45¡44.
44 DO 46 N-l çKT

IF (yIi'l(N) -yINl(KEp) )!+6s46s47

c
C

c

47
46
45

49
4B
50

130"

KEP=l'j
coFt I l i.iUE
Nl(K =Nl(K + I
IF (NKK -l) 48r49r48
YINA =YMU
IF ( (KT+I)-NKt() 50r50ç51
YiN(KEP) =Yi''lL
KK= 0

c
c
c

DETERMINE MATERIAL I'YPE AT EASE CF SLiCE

D0 52 JJ= I ç LNr.tS
IF (JPROP (-I./) -NTYPE) ¿6ç?6,5?

26 IF (XMID'X(içJJ) ) 52r53r53
53 IF (xt.tID-x (2rJJ) ) 54ç54¡5?
54 YDISC (JJ) ; SLo (JJ) # XMID + Ij (JJ)

IF (YDISC(J-l)- y1¡14 ) 55r52¡52
55 KK=KK+ I

YOiSC (KK) =Yt)ISC (JJ)
JPRPE (KK) =JpROp (JJ)

52 CONT INUE
IF (Kt(-l) 56r57ç56

LAYER OF SL ICE
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57 y¡;¡5C(2) ; yùlSC{1) - l.56 KF-i:/ (' - ?.

D0 5t l(J-ìelít(
J-l' (YDISC(i(i).'yDISC(t(Lt,l) ) 5g¡5tç5959 KE¡) l' =i(.J

5t.l C0rv'l l¡vt-.Ji-
JPR =JPRi][ (I(iPT )

UÊ_TÊR14ir.li"_ tiiIGHT 0Ë [_iryF_R

HSLI = YINA * YlI.J(KE.P)
GO TO r.r0

5I HSLi = \,I¡iA .YIiv (I(EP)
JPi< = JpRpH ( KF_p )

6U r,lt'-I6ti=dSLI *UitIr,,iT (JÊR) T.HSLI + t/EIcrl
vLRc0 = vErìc0 + I44oJiHSLi+cOHL5(Jptì)
N0I -l{0T + l
rlU = 0o '

Il: (8UT) 68róZç68
62 lF (YES) 63ró4ç63
64 Ii' (Ui{l'¡¡l'(JpFi) *62"4) 65ç66ró5
65 du=c "

GO TO 67
ó6 iJU= (yr.1U_yrvìL),¡liSL I r,6?. 460 to 67
ó3 8U= (yËS-yi.1L) nrìSLI,loZ.4.

YLS=0.
67 Y1¡JA=yLN (l(Ep)

YIr't(KLr,)-(J.
ó9 tsU = RU(JPRI * i,r.LiriH + BU
6B tll.Jl = biU +rJUT

It (i(T-l'lKK) 70ç 45ç44

SUMÞiAi-ìY Ot C0MP(,T80 p¡,RAtqETERS F0iì f ACH SL i CE

7tr NU =NU +J.

tlUS (l.lU) = tlUT
wiGH'l-(ruu¡ =¡ot¡¡6¡

DETERMINE I/HÈTHËR SLOPE OF EMBANKMENT IS POSiTIVE
OR NEGATIVE

IF (YHI-YLO)7tc7lçV2
7I TAI'JAP{NU)= .TAi,IIìE

T/\I'IAT (NU) = -TAi.IRT
G0 To-t3

72 TÂNAP (l'.¡U) -TAt'JRE
TAN¡TT (Ntj) =TAI\fìT

73 CSAPS(¡rlU) = !o/(1.+TAt\RE.ÉTANRE)
TAI{Pi1 o',r¡l¡ =5I N ( pr-rI ( Jpr< ) '^ 0 .0 i 2453 ) /cOs ( pH i ( JpR ) .'f 0 . 0l7453)COóSL (NU) =COTiES (JPR),} BSL I +L44.
DTO(t\rj) =0o
I]T.PDN(NU) = VERCO
XRI(I.IU) = XRIGH

c
C

C

c
U

c
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if (¡,SLl -CtiUil) -t4sl4ç6
C0i,Jî I¡{Ui.-
fli:TUlrirl
El'lt-)

7 ,.1

t32"
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JA¡ICA

SUir¡ìOtJTiivä .J¡r,NCh (i¡I6l-i Tçl)T0çT/il'j/rp,rÉlusçTANf,i-lçcSApscTAl,lA-f ecogsl_^Dilr0N
SqXRi)

(--

C"
C

c
L
c
L
C
n
C

C
I

c

c.
c

SUtT,RTJUT I i![ JAI'.lCÂ

PURPOSI
l'o cALcuLATf i;1t. FAcr0R or sAFF-l-y 0F Ar! [ÞiBANi(i.llf.lT
0rì St-0Pt_ Lr'1Pi_0Yl i.tG A r,.lOi\.-CIRCULAR SLIp SURFACE
f.iÊTrl0D OF Sl-ICtS TECHNIeUT_

DEFIi!if iOt'lS
sDf 0 (l't) = Hoi"{Iz0l,tTAL lt.tTrtì-.sLicE I- oilcE
SDl0(N) = VF_lìTICAL II,JTÊR-SLICL.- FORCE

ooGdcooooo oooco

D I1.1ËNS IOi'J r{ I GHT (

DII,iLf'jSIOi\ CSAPS (

D I t'18 1,!S i 0iv DEPDN (

c
c
L

DIMTNSTONS OF I OLLO|,]ING VARiAtsLES MUST I]T. GREATER THAN OR
TQUAL TO ,1,i0" 0F SLICLSù 

"DI Fr[fJS I0N Sl.tALP ( t 00 ) q r¡jTAhlA ( I 0 0 ) ç SDË0 ( t 00 )
D i l.4Ltts I 0r! D[O ( I 0 0 ) , ¡lEeFR ( i 00 ) p SDTO ( ].0 O )
COt'4r4ON N[Jp] ç I'loT r NU r KT ç t(LP
C0rli'1ON FS e í-- e.JpR
COMþì0t! Nl(i( e Nr"1 ç KK ç JJ ¡ KËpT ç KJ
COl.í¡f0i! fJ r NNT y Ni\c KEt P ç.JMç l\Ntl
COMMOI\.] I ç L ç K ç I'IRETA I J I NITIRi']T
COI4MON LiNESçNTYF-S cLNSTNPHRç LNIISçNTypE
COI'IMON IN, IOçKOUI,JTçNREDç Ni]IS9 NS]iY
CO|{MON ylll ¡EXTNçSLI rFlSLl çXNEXT, yTN
COIIMOi! [XLOI YLOI EXrII ç XRET ç XMIi)
COMMON RADL, ASL I q RAt]MI
COMMON STEP,NCEN
COI'lMON I!JA.N

29'l f'ORMAT(rlrs5XrrSUMMARY OF INTER-SLICE FORCES ON DOrlNt'JARD SiDE OF
IESIGI'IATb.D SLICES ITLRATI0N NO. I g IZ)

300 FOÌìt',lAT (/ s5Xç TSLICE NUMdFRT r5Xç ¡HOR. COt"tpONEf,J-t I ri 5XçrVfRT" COMPONENT¡r5XrrREQD. FRICII0N ANGLETT2 5Xr¡HOR" pOS. uF I-S FORCET)
30 I FORMAT ( I lX ¡ I?, \?xç Fl 0. ?ç gxtF I 0 

" 
2r tìxç F L?.? ;l4xr Fl 0 "2)302 FOIiMAT (/ ç 7X¡ IF-ACToR OF SAFETY =I çF8.3)

303 FOR¡"14T (/ çIXI IF INAL FAcTOR oF SAI--ETY =I,FLì.3)4Q0 F0RMAf (2X;6 (F 12"?.tZXl )
603 FORI'1AT (!I | ç//s l0Xr TINPUT DATA lN ERRORT)

KKTl=g
F0 =1.

APPROX]MATE SOLUTION

IF (BSLI) 60Ir601r600

o o a o o G c e G o o o o oa â oo ô a ôo 0 o o o o a o o? o a o o o ó G a c c ø6 c o

I ) ;DTO ( I ) TTANAP (I ) çl3l.JS (l ) çÏirllPl-i (I )
I ) ç I AÍIAT ( t ) ¡ COøSL ( I )

l ) çXRi { 1)

c
c
c
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600 f..il--l = i)
Z0ò id-f ANS =0 .

Sll¡\LS=rJ.
l\Il = liIT + l
D0 20 0 t.l == 1 ç i'JU

\.{irrl'li.\ ( l'l ) r ( tJIGHT (t! ) -t,l'O fi\i ) ) +. IAiIAP (tl)
SllE¡+rl = C0rÌSL(N) + (,j/IGiiT (ht)-trIoÛ.J) -.r-jrJs (N) ).r+ TANpll(N)
ut\iLUS : cSl\pSil"t ) r. (.1 "+ TAt\tAttr(t{) *-lAilpH(i{) / Fo,l
Sf'.rALP(h] ) = SríE/rR / 0l,lECS

200 COf.ll IN{-li
KI(TT=KKI-T +T
'ùO ¿Q I I'j-- l. s NU
þi 

'fAl\S=rirj'Al'lS +!i TAi.lA (t!)
e01 Sl'lAt-S= Sl'.lALS +SNALP (i\j )

FSI = Sf!ALS ,/,dT¿\i!S
IF (r<KTT-l ) 209 s?_ave?.I0

2i0 Dl{:=Aû5 (í"Sl -l- 0)
IF (DIF *T}"O()i) 2IL,¿LIç209

iI I GOROUS SOLUT I ON

209 f'-O= Ê S'I
DO 202 N= I ç NLJ

DE0 (N) = t{-rAi{A (N) -s¡,lALp (N) /r o
IF (N-t ) ?(¡3s203e?04

203 SDE0(N) = UEO(rt)
G0 T0 202

204 SDfO(N)= St)E0(N-l) + DE0(ht)
202 COI.JT Jf\,¡UE

D0 205 t.J=I ç NU
SDT0 (t'l) = SDE0 (N) r+ TAt\¡AT (N)
iF (i\-l ) 206 ¡?e5 ç?07

206 DT0(N) =SDTO(N)
GO TO 215

207 DT0 (N) =sDT0 (t.t) -sDT0 (rl-t I

CALCULATE REOUIRED VERTICAL Af'IGLE OF- INTERNAL FRICT ION

21.5 DlFl- = AdS(SDIO(N)) - DLPDN(N)
IF (DIFi:, 2L6sZl6ç'è17

216 REO =0"
GO TO Zte

217 tìljQ = UIFF ,/AtsS (SDEO (N) )

2lB REOF R (i\) = ATAN (rìË0) / 0,017453
205 CONTINUE

t¡/kITE (I0ç299) NIT
I,JRITE(lOe300)
DO ??O N= i r I'tU
WRI TE ( i0' 30 1 ) Nr SDEO (N)' SDTO (t'¡) r REQFR (N ) I XRI (N)

220 CONTiNUE
l{RITE ( IO' 302) FST
G0 TO 208

2ll l,lRITE {IOr303) FST
G0 TO 602

c
L
c
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Numerous types of piezometers have been developed and im-

proved by various agencies in recent years in an altempt to acquire an

instrument that is capable of giving accurate readings with a minimum

time lag and at a reasonable cost. The most desired features of a pie-

zometer as summarízed by SCOTT and KILGOtJRZ2 ut": (f) ruggedness,

(t) simplicity, (3) ease of installation, (4) minimum maintenance,

(5) long lÍfe, (6) Iow cost, (7) smal1 volume factor (implies small time

lag), (8) the abílity to exclude air and gas from the measuring system,

and (9) insensitiveness to temperatureo Other factors that have been

found desirable are: (10) ease of acquiring measurements and (ll) sen-

sitiviËy. The types of píezometeïs currently employed are (1) open stand-

pipe, (2) Casagrande type, (3) metallic'rGeonorrr, (4) hydraulíc, (5)

electrical, (6) vibrating wire, and (7) the pneumaÈic type.

The basic problem of any simple piezometer is that the energy

required to operate iË prevents the instrument from recording an immed-

iate change. For a given pressure change this energy is proportional to

the volume of pore rrater that must flow into the instrument, which accounts

for the fact t,hat the greatest time 1ag occurs in the open standpipe type

piezometer" The relatively large diameter of this type of piezometer

causes large time lags in moderately impervious soils. The construction

of this type of piezometer can vary from an open observation T¡rell to a

small díamter pipe. Pore pressure readings are most easily made by

measuring the head of water in the pipe by an elecËrical probe. The Ëime

lag can be reduced by using a small díameter pipe and by providing ample

communication between the piezometer tip and ambient low impervious clay

material by installing a large collecting volume of porous material around
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the tip. The advanËages of this type of piezometer are its simplicity,

ruggedness, and over-al1 reliability.

The Casagrande type piezometer as described by SOZOZIJC23 is

actually a refined versien of Lhe open-stand pipe tube. It consists of

a porous stone tÍp embedded in sand in a sealed portion of a boríng, and

connected to the surface with a 3/8 inch diameter plastic tube. The elec-

t.rical probe is the usual device used to measure the head of water in the

tube" If the porer¡rater pressures are so great that the wat.er is forced

out the top, a Bourdon gauge manomet.er can be used t.o measure the excess

pore $iater pressure. The time lag is generally less than in the former

type due to the reduction ín required volume change, but Ís still quite

significant in highly impervious c1ays. It has been proven quite suc-

cessful for many materials and {ts non-metallic construction gives it a

corrosive resistant quality" Its success is demonstrated by the fact that

the reliability of unproven píezometers is usually evaluated on the basis

of how well the results agree with those of the Casagrande type. One of

the greatest disadvantages of this type of piezometer is the time required

for its installation. The most time-consuming job is the preparation and

installation (particularly the tamping) of the benËonite sealo But this

installation time can be reduced if an AM-9 gel seal is used as described

by BOZOZTIKZ3 "

The metallic rrGeonorrt píezometer which ís discussed in detail

by BOZOZUK23 tu" developed by the Norwegian Geotechnical Institute. It

consists of a porous metallic tip coupled to a steel rrErr size drill rod

and Ehen forced into the clay soil to the required elevation. tr'Iater

pressures aË the point are read by measuring Ëhe head of water in a



polyethylene tube connected through the drill rods to the porous tip.

This unit is simple, compact, quickly assembled, and easily installed.

These piezometers can also be withdrawn, cleaned, and re-used. Its

main disadvantage is that its metallic construction is susceptible to

corrosive clay soils.

The hydraulic type piezometer is of a more complex nature and

ís used mainly in major dam projects. The piezometer consists of a coI-

lection chamber connected directly to a pressure gauge near the dovm-

stream face of the dam. It requires long tubing línes, expensive and

complex gauge houses and careful techniques during installation and op-

eration, This type of instrurnentation as documented by the U.S" BUREAU

of RECIAMA.TION24 is not feasible for small projects.

Electrical piezometers are exLremely sensitive devices, have

negligible time lag, and are suitable for measuring ground \^rater and pore

pressure fluctuations in materials exhibÍtíng low permeability. In

addition to eliminating problems of line f.reezíng, the electrical apparatus

offers the possíbility of remote monitoring, electronic data accumulation,

and reduction. The unit consísts of a tip þaving a diaphragm that is de-

flected by the pore pressure against one f,ace, and is measured by means of

electrical transducers. The time lag of thís type of instrument is neg-

ligible because it consists of a relatively stiff diaphragm whích requires

only a minute volume change to bring the instrument in equilibrium with

Ëhe new pore pressure. If reliable readings are to be obtained the meas-

uring system must have no zero drift of elecÈronic parts, good calibration

stabilíty, and should not experience any effect due to change in voltage

supply or circuit resistance. ElecËrical piezometers are not reconrmended
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for installation in embanknents where reliable readings are required

over an extended period of time, due to its inabílíty to úIithstand severe

environmenÈa1 problems, and to its relatively short structural life.

BROOKIR, SCOTT, and Al,I25 have recommended that the use of electrical in-

struments not be used in partially saturated soils, as dÍfficulties are

experienced in de-airing and flushing the units.

The basic principal of the vibrating 'aíre píezomeler is that

the natural frequency of vibratíon of a certaÍn length of stretched wíre

is dependent on the tension in the wíre. The w-ire is stretched beËween

two points on a diaphragm and any strain developed in the diaphragm

causes strain in the wire. The change ín the stress caused by the change

in strain in the wire can be recorded by measuring the change in its

natural frdquency. Suitable calibration of an instrument riüi11 relate the

value of the pressure to the frequency of the vibration óf the wire.

SCOTT and KTLGOUR22 giv" a detailed description of the MA.IHAK vibrating

wire piezometer and its operation. They found from their tests that the

leads from the instrument. to the measuring meter are subject to stresses

from soil deformation and therefore are the weakest links in the piezometer

system. Another disadvantage is that great care is required to install

this type of instrument. But the time lag is negligible due to the small

volume change requíred to activate the stiff dÍaphragm. Its advantages

over strictly electrical sÈrain gauges are as follor^¡s:

(1) Change in the properties of the electrical circuít, does

not alter the measuring gauge and its frequency.

(2) ReadÍngs are índependent of fluctuations ín the por^Ier

input, current, capacitance' change in electrical re-



sistance of the circuít, or induction from ground

circuit.s.

REFERENCES:

22. SCOTT, J.D. and KILGOUR, J., L967. rtExperience with some Vibrating

l'Iire Instrumentsrt. Canadian Geotechníca1 Journal, Vol. 4, No: 1.

23. BOZOAJK, M. rtDescripËion and Installation of Píezometers for Meas-

uring Pore-lüater Pressure in Clay Soilsr'. National Research Council,

Ottawa, Building Research Not.e No. 37.

24. BUREAU OF RECLAI'{A,TI0N, 1960. trEarth Manual't, U.S. Department of the

Interior, Denver, Colorado.

25. BROOKER, E.W., SCOTT, J.S. and PHYSOOL 4J.1, 1968. rrA Tranducer Pie-

zometer for Clay Shalestr. Canadian GeoËechnical Journal, Vo1. 5,

No.4"

L44.


