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SYNOPSIS i 

The analysis of the stability of slopes in eastern 

Canada requires a better understanding of the behaviour of 

the Champlain Sea clays in the low to very low stress range. 

Recent literature indicates that the shear strength-normal 

stress relationship for these soils, as given by the Mohr-

Coulomb failure envelope, is curved in the low to interme­

diate stress range. The importance of the groundwater flow 

conditions has been emphasized since the type of flow can 

considerably vary from one site to another. The applicabi­

lity of Bishop's modified method for slope stability ana­

lysis in the Ottawa area clay slopes has been demonstrated 

and the method is widely accepted by researchers and prac­

tising engineers. 

The slope stability behaviour of Leda clay and the 

representation of its shear properties are investigated in 

the very low stress range by a parametric study using a com­

puter program developed by the author. This program, based 

on the Bishop modified expression, takes into account an 

approximation of the soil's curved failure envelope, as 

well as factual groundwater flow. The program is well 

documented and typical analysis encountered in engineering 



ii 

problems are run. Two versions of the program are offered: 

a comprehensive Fortran program adapted to an IBM 360, and 

a simplified version written for a minicalculator (TI-59) . 

The parametric study examines various combinations of 

soil strength parameters and groundwater flow conditions 

for set slope geometries. A general relationship between 

the slope geometry and the groundwater flow type is sug­

gested. 
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1- INTRODUCTION 1 

1.1 General 

The following is a two part study encompassing.the 

development of a slope stability computer program and the 

analysis of slopes considering different shear strength en­

velopes of clayey soils in the very low stress range. The 

influence of the very low stress shear strengths as well as 

of various groundwater flow regimes on the stability of slo­

pes is investigated using the developed computer program. 

At present, information describing the behaviour 

in shear under very low stresses of the Champlain Sea clays 

is limited. Failure envelopes for some Eastern Canada clays 

are available in the literature but are incomplete due to 

the inapplicability of the present testing procedures in the 

very low stress range. Furthermore, the Mohr-Coulomb theory 

does not adequately describe the curved envelopes shown by 

these soils. 

Presently known computer programs for slope 

stability analysis contain no facilities for dealing with 

stress dependant shear strengths. The method for handling 

porepressures normally requires an intermediate step to 
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transform the flow net data into a series of piezometric 

surfaces or into a grid of equipotential values. 

1.2 Statement of Problem 

A comprehensive study of the stability of slopes 

in Champlain Sea clays raises two questions in order to 

adequately define the problem: 

1- what is the influence of varying low stress range shear 

strength characteristics, and 

2- what is the influence of varying the type of groundwater 

flow regime on the computed factor of safety? 

These questions can be answered in practise by 

determining the degree of precision required from field 

observations and laboratory testing to adequately formulate 

the parameters controlling the stability of a slope. 

Since a slope stability analysis normally requires 

the investigation of a large number of failure circles for 

a given data set, a comprehensive user oriented computer pro­

gram is necessary. This program should be sufficiently well 

documented to allow an understanding of the techniques used, 

since the user is responsible for the results obtained. It 

should furthermore use a data input format similar to the 

results obtained from field observations and laboratory tes­

ting. 
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The program itself should be simple enough to allow modi­

fications and adaptation to the mini-calculators used in 

engineering consultants offices. The method of analysis 

should be one which is known to be applicable to the problem 

at hand. 

1.3 Objectives of the Study 

Since none of the slope stability analysis pro­

grams known to the author present the above characteristics, 

the first objective of this study is to develop a computer 

program offering the features discussed in the previous 

section. 

The parametric study done using the developed 

computer program takes into consideration slope geometries 

representative of those observed in the Ottawa area. 

Realistic porewater pressure distributions, as well as 

those normally assumed in standard analysis, are discussed. 

The shear behaviour of three local clays and its effect 

on the stability of slopes by varying the above mentioned 

parameters are examined. The results obtained are compared 

with the factors of safety resulting from the use of the 

parameters normally used in a geotechnical investigation. 



1.4 Thesis Outline 
4 

The following is a chapter by chapter summary of 

the thesis. 

Chapter 2 - discusses the general geological and geotechni­

cal properties of the Champlain Sea clay deposits 

Chapter 3 - reviews the classical Mohr-Coulomb theory and 

presents the general shear characteristics of 

the Leda clay deposits. The Bishop modified ex­

pression is also reviewed considering a multi­

linear model of the Champlain Sea clay curved 

failure envelope. 

Chapter 4 - is a detailed description of the geology, stra­

tigraphy, geochemical, hydrological and geotech­

nical characteristics of the deposits at the 

three example sites. 

Chapter 5 - discusses the conditions for the parametric 

analysis, describing in detail the slope geo­

metries, soil properties and groundwater flow 

systems assumed. 

Chapter 6 - presents a complete description of the computer 

program. A short discussion of other available 



programs is also presented. 5 

Chapter 7 - presents and discusses the results of the para­

metric analysis. The significance of these re­

sults is examined. 

Chapter 8 - summarises this study and its main conclusions. 

Some suggestions for further studies are also 

given. 



CHAPTER 2 6 

GEOLOGY OF THE CHAMPLAIN SEA DEPOSITS 

2.1 Outlook 

A marine invasion of the then Champlain Valley, 

formed following the retreat of the Wisconsin glaciers, 

resulted in the deposition a thick succession of unconsoli­

dated marine sediments on the Ottawa - St.Lawrence Lowlands. 

These sediments consist mainly of the two types of silty 

clay deposits: a major intact clay horizon which is over­

lain, in Eastern Ontario by a wedge of fissured clay material. 

This chapter presents a general discussion of the 

geology and extent of these deposits, as well as a brief 

review of the properties of the two Champlain Sea clays as 

observed in the Ottawa area. 

2.2 General Geology 

Near the end of the Wisconsin glaciation period, 

the weight of the recessing ice sheet left a deep depression 

within the northern part of the North American continent. As 

the ice front regressed, this depression, the Champlain Val­

ley, was inundated by a late shallow marine transgression. 
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Both the glaciation period and the Champlain Sea invasion are 

recorded in Eastern Canada by the characteristic topographies 

and sediments resulting from these events. 

Evidence for glacial erosion is found in the irre­

gular topography of the Canadian Shield, while evidence for 

glacial and fluvio-glacial deposition is found in the basal 

tills, sands, gravels and lacustrine clays. The marine 

sediments were probably derived from the reerosion of the 

previous deposits and were redeposited in deltaic, beach 

and brackish environments (Wilson, 1965). 

Although little is known of the exact sequence 

of events during the retreat of the Wisconsin ice sheet, 

local fluctuating readvances of the ice front probably 

occurred, causing a disturbance of some of the Champlain 

Sea sediments (Richard, 1975a). 

The Champlain Sea was a late glacial marine inva­

sion which was followed by estuarine and lacustrine periods 

due to the isostatic readjustment of the continental crust. 

During this uplift period, from approximately 13,000 to 

8,000 B.P. (Richard, 1975a; Karrow, 1961), the land rose 

more than 700 feet through isostatic rebound (Kenney, 1964). 
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The maximum sea depth in the Ottawa area has been estimated 

at several hundred feet. 

The materials deposited in this shallow sea envi­

ronment were in all probability initially derived from fluvial 

erosion of the land immediately adjacent to the retreating 

ice tongues. Deltaic type sand and gravel deposits were for­

med at river outlets while the finer fractions sedimented 

in quieter environments farther from shore. Shoreline erosion 

sorted out beach sediments and, with underwater slumping, 

created further variations in the final sedimentary deposits 

(Crawford, 1968). The extent of the Champlain Sea deposits 

is indicated in Figure 2.1. 

In more recent times, the downgrading Ottawa river 

has cut erosinal terraces in the Champlain Sea deposits, 

exposing nodes of glacial drift and Ordovician bedrock which 

probably formed shoals during the marine period. Downstream 

from these exposed areas, the clay terraces are usually mant­

led by a thin cover of alluvial sand. Massive slope failures 

and land movements are actually taking place and modifying 

the gently sloping clay plain topography (Richard, 1975a 

& b). 

This extensive clay deposit, to which this study 

devotes a particular interest, has been referred to as "Le-
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da clay" in the literature. The christening of the clay is 

attributed to an early Canadian geologist, Dr. J.W. Dawson 

(Logan, 1863) and was so named because of the characteris­

tic fossil shells which the clay contains. Gadd (1960) ques­

tioned the appellation "Leda" and Larochelle et al (1970) 

have suggested that the name Champlain Sea clay is more des­

criptively appropriate than the misnomer Leda. Since the 

term Leda clay seems to have had wide acceptance in the 

past, and since "Champlain Sea clay" seems to be gaining 

wider acceptance, both names will be used to describe the 

silty clay material deposited by the most recent marine 

trangression of the Ottawa - St.Lawrence Lowlands. 

2.3 Geology of the Champlain Sea clay 

Although the unusual geotechnical properties of 

Leda clay have been relatively well investigated because of 

the engineering problems encountered in this soil, only 

limited information is available to date on its mineralogy 

and chemistry. Geological and geotechnical indications sug­

gest that there are two distinct superimposed clay deposits: 

and "upper"fissured deposit which overlays a "lower" intact 

clay. The latter is exposed farther east in the St.Lawrence 

Valley and in zones of greater erosion notably north of the 

Ottawa river at the foot of the Eardley Escarpment, and at 

the bottom of Green Creek. 
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These two clays can be differentiated by crumbling 

samples: the "upper" fissured clay breaks down to a network 

of small nodules, less than one centimeter in diameter, whi­

le the more plastic and less fissured "lower" clay does not. 

The "upper" portion of the clay deposit in the Ottawa area 

usually exhibits rythmic banding of grey to brownish grey 

layers alternating with pinkish-red horizons. Mineralogical 

and chemical determinations indicate that this layering 

probably reflects variations in the conditions of deposi­

tion and not irregularities in the source material (P. 

G61inas, personnal communication). The "lower" clay is 

grey-blue in colour and shows black organic mottling (an-

earobic bacteria); this mottling disappears on exposure to 

air and is absent in areas of high salt concentrations. 

The mineralogy and grain size distribution of Leda 

Clay in complex and seems to reflect the source material. 

Primary rock-forming minerals, chiefly alkali-feldspar, 

plagioclase and quartz with some ferro-magnesian silicates, 

make up both the sand and silt fractions. The clay size 

fraction contains a considerable proportion of the above 

mentioned minerals with abundant illite, hydrous mica, mica 

and commonly chlorite and vermiculite; expanding clays, such 

as montmorillonite, are either absent or present in only 

small amounts (Gillot, 1971). The relative uniformity of 

soil mineralogy with depth seems to indicate a fairly uni-
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form source of material from site to site; the presence in 

the finer fractions of rock-forming minerals of low resis­

tance to chemical alteration tends to indicate that these 

soils experienced little or no weathering. Since the clay 

fraction is mostly made up of primary minerals and of rela­

tively inactive sheet silicates of small specific surface, 

the soil should have relatively weak colloidal properties 

(Gillot, 1971). Porewater cation determinations (Sangrey 

and Paul, 1971) indicate an enrichment in potassium, calcium 

and magnesium of the "upper" fissured soil relative to the 

high sodium, iron and maganese content of the "lower" clay 

(see Figure 2.2). 

Grain size determinations of Champlain Sea clays 

from different sites in the Ottawa area show a fairly fine 

textured uniform distribution in the upper portion of the 

clay deposits, while this distribution is more variable 

and less clayey at depth. Chemical and mineralogical deter­

minations indicate a higher total carbonate content in the 

upper zone material whose clay fraction contains more phyl-

losilicates with a consequent dilution of rock-forming mi­

nerals. Furthermore, the sand fraction of these soils, 

noticeably in the upper zone, contains pellets of fine silt 

sized particles which are resistant to dispersion techniques 

(Brydon and Patry, 1961). 
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In an attempt to explain the extent and dual natu­

re of the clay sediments, it has been suggested (Gadd, 1962) 

that a fresh water inflow, presumably from the Great Lakes 

region, could have caused a sharp decrease of the salinity 

of the Champlain sea waters; the change in currents caused 

by the new inflow would have been accompanied by erosion and 

redeposition of the original intact clay in a more fresh-wa­

ter environment, thus creating the fissured clay layer obser­

ved in the western part of the St-Lawrence valley. More re­

cently it has been demonstrated (Richard, 1975b) that a "la­

te Newington ice lobe" (circa B.P. 11,200) advanced in the 

marine waters of the Champlain Sea and incorporated molluscs 

shells in glacial sediments. This advance, close to 2,000 

years after the start of the marine invasion in Ottawa Val­

ley, deformed and overode fossiliferous marine sediments and 

probably only occupied certain areas of the Ottawa - St.Law­

rence Lowlands. Pertubation of normal currents by these 

north - north-west ice tongue advances, as well as the rela­

tive salinity fluctuations caused by glacial outwash and ma­

rine reinvasion, could account for. the upper fissured clay. 

2.4 The Structure of Leda Clay 

The Champlain Sea clays show unusual geotechnical 

properties which may possibly be explained by structural 

considerations. The structure of a fine grained soil depends 
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on its mineralogy as well as its environment of deposition 

and geological history. Many flow type slope failures have 

occurred in certain areas of the Ottawa - St.Lawrence Low­

lands, and the material is defined as an highly sensitive 

"quick clay". 

The high sensitivity to remolding of the Leda clay, 

as illustrated by Crawford (1968), can be explained by the 

available electrolytes in the sedimentation environment. 

Since these soils settled out in brackish waters, the high 

electrolyte concentration would cause inter-particle attrac­

tion and floculation of the clay particles. This random 

oriented coagulation of the clay sized plate shaped mineral 

grains (Cabrera and Smalley, 1973) would result in a card-

house type structure; the soil would thus have the observed 

high porosity and water content, and any remolding of the 

sediment would cause a breaking of the weaker bonds and a 

structure collapse followed by a rearrangement of the parti­

cles from a near fluid state (Laventure and Warkentin, 1965). 

This randomly floculated structure has been obser­

ved in electron-photomicrographs of undisturbed samples of 

Leda clay (Crawford, 1968). Fabric reorientation due to over-

consolidation, using X-ray diffraction (Quigley and Thompson, 

1966) and electron microscopy (Crawford, 1968), and along 

micro-fissures, using optical methods (Jarret, 1972), has 
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been demonstrated. Permeability determinations of oriented 

samples (Laffont (1977) indicate horizontal to vertical 

permeability ratios in the order of 2:1 to 5:1, which would 

correspond to the low anisatropy expected from a structure 

built of randomly oriented particles. 

Due to the non-clay nature of these soils, only 

particle cementation could account for the cohesive charac­

ter exhibited. Quigley (1968) proposes precipitates of alu-

minun and iron hydroxides as the bonding agents, and Town-

send (1965) observes that calcium carbonate is common in 

Leda clay. Gillot (1969) remarks that the effect of clay 

minerals should not be entirely dismissed since these soils 

do show irreversible structure collapse and cohesion upon 

drying. 

Moon (1973) reports, for shearing rate tests done 

on aqueous solutions of clay-sized quartz particles, that 

this artificial clay exhibits weaker shearing resistance 

at low strain rates than for abrupt failures. This observa­

tion corresponds to those made on Champlain Sea clay and would 

tend to support the progressive type mode of failure proposed 

for Leda clay. This suggests the use, in slope stability ana­

lysis, of the soil's residual shear strength. The weaker 

strength at low strain rates can explain the small straining 

to failure observed in these cemented soils (Sangrey, 1972b). 
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Figure 2.3 shows the dispersion potential for the 

upper and lower clays determined by the method described 

by Sherard et al (1972) from the data in Figure 2.2. The 

high sensitivity of the lower intact clay seems related 

to the ratio of sodium to total dissolved cations, though 

the correlatable data is insufficient for the present me­

thod to be conclusive. 

Sangrey (1972b) proposes that, since glacial mecha­

nical weathering results in the rock flour which makes up 

Champlain Sea clays, and since this environment is not chemi­

cally very active, the primary rock forming minerals have 

not been exposed long enough to be completely altered to 

clay minerals. He however speculates that alteration is 

actually taking place and that secondary sheet silicates 

are being formed. He notes that ferromagnesian minerals, 

particularly hornblende, readily weather to form chlorite, 

vermiculite and hydrous oxides of iron, aluminum and manga­

nese (Loughnan, 1969). The amphibole-chlorite-vermiculite 

mixture is very common in Leda clay, especially in the finer 

textured upper zone, and the oxides presumably formed by 

the above weathering reaction would be the precise material 

needed to form cementing gels. Since the above mineralogi-

cal reaction results in a net volume decrease of the soil 

particles involved, this in situ weathering could possibly 

account for the fissuring of the upper clay deposit. 
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This proposal of the mode of formation of the up­

per fissured clay deposit through weathering and micro fis-

suring seems to be, to date, the most comprehensive theory 

as it takes into account both the overconsolidation of the 

soil as well as its strongly fissured nature compared to the 

mineralogically similar but less-fissured lower deposit; the 

weathering mechanism invoked appears to agree with that pro­

posed by Eden (1975) who seems to relate the upper clay zone 

to a weathered crust. Figure 2.4 is a photomacrograph of the 

fissure system reported by Jarret (1972) and Toombs (1973) 

and observed, by the writer in many samples of the upper 

Leda clay zone. These fissures are usually inclined from 60 

to 70 degrees and can presumably indicate the downward dis­

placement of soil units due to shrinkage of the soil mass. 

The weathering theory can also explain the variation in ele­

vation of the intact-fissured clay interface:,, as well as the 

irregular distribution of strength properties from site to 

site. 

2.5 Geotechnical Properties of the "Upper" and "Lower" Clays 

The engineering properties of Leda clay have been 

well investigated by many researchers. Crawford (1968) pre­

sented a state of the art paper on the geotechnical proper­

ties of the Champlain Sea clay in the Ottawa area. The main 

characteristics of the soil properties are indicated in 

Figure 2.5. 
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Sangrey and Paul (1971), in a study of the clay 

horizons at Green Creek, established the index properties 

differences between the upper and lower clay deposits (Fi­

gure 2.6). Generally, both clay types seem to show approxi­

mately the same water content. The higher plasticity of the 

fissured soil reflects its higher clay material content 

(Bjerrum, 1954); the liquidity index of the intact clay is 

thus superior to that of the upper material, though the 

strength is fairly uniform from one clay to the other. The 

intact clay shows a very high sensitivity due to a compara­

tively weak remolded shear strength. 

Figure 2.7 shows the types of effective shear 

strength envelopes normally demonstrated by each of the two 

clay soils. Both these envelopes show a strong curvature 

in the low normal stress range, and the intact clay behaves 

as a cohesive material under very low normal stresses. 

This apparent cohesion seems to be absent in the upper clay 

probably because of its intense small scale fissuring. 

The shear strength envelope will be discussed in 

greater detail in Chapter 3. 

Most of the Leda Clay deposits are capped by a 

stiff highly weathered crust that demonstrates a greater 

shear resistance than the underlying clayey material. Eden 

(1975) seems to incorporate in the crust zone all the wea-
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a' = effective normal stress 

T' : effective shear strength 

Figure 2.7 REPRESENTATIVE SHEAR STRENGTH ENVELOPES 
FOR UPPER AND LOWER CLAYS 
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thered material, including the upper fissured clay horizon, 

which could presumably be considered undergoing chemical al­

teration (Sangrey, 1975b). In this system of definition, 

"this crust is identified by a decrease in undrained strength 

with depth to a minimum value as measured by the field vane 

then an increase with depth thereafter." The point of mini­

mum strength marks the extent of the weathered crust; "The 

weathered crust is further characterised by a system of clo­

sely spaced fissures" and commonly extends "to depths of 3.0 

feet or more". "The initial stages of landslides in the clay 

slopes are confined to the crust". (Eden, 1975). 

For most researchers reporting in the literature 

in the past, the accepted meaning of "crust" referred to the 

strongly desiccated zone above the inferior limit of the 

groundwater fluctuation zone. The crust thickness is varia­

ble and can be very thin, especially on slopes where the 

erosion rate is equal to the rate of crustal formation. Eden 

and Mitchell (1973) indicate that in most cases the depth 

on initial failure is "below the depth of active weathering". 

Since.the strength of the desiccated zone influ­

ences the stability of Leda Clay slopes, it is most likely 

that any rupture plane will preferably develop in the wea­

thered substratum where most of the shear strength is provided 
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by the soil below the groundwater fluctuation zone-



CHAPTER 3 
27 

THE STRESS-STRENGTH RELATIONSHIP AND 

THE BISHOP METHOD OF ANALYSIS 

3.1 General 

Studies of the shear behaviour of the fissured Cham­

plain Sea clay from the Ottawa area indicate that the normal 

stress-shear strength relationship for these soils cannot be 

properly represented by the classical Mohr-Coulomb failure 

envelope. This envelope, normally defined as a straight line, 

is irregularly curved for the tested soils. 

Following is a discussion of the Mohr-Coulomb en­

velope and of the shear strength characteristics of the fis­

sured Leda Clay. A method for evaluating shear strength from 

the normal stress dependant parameters obtained by the repre­

sentation of the soil's failure envelope using a series of 

straight lines is suggested. The Bishop modified equation 

is revised to used this stress dependant shear strength pa­

rameter. 

3.2 The Classical Mohr-Coulomb Envelope 

The stresses applied to a soil, as in a triaxial 

testing apparatus, can be represented by a circle of stress 
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corresponding to a limiting combination of normal and shear 

stresses (Figure 3.1). If a series of these stress combina­

tions are applied to a same material type, the upper limit 

of the group of stress circles thus obtained describes the 

stress-strength relationship of this material, for the ob­

served conditions under which rupture will occur (Figure 3.2). 

The upper limit of an indefinite number of these stress cir­

cles is defined by the tangent to these circles and is known 

as the Mohr-Coulomb failure envelope. 

Since the curvature of the failure envelope is usu­

ally negligible for an homogeneous and isotropic soil, it is 

assumed that this stress to strength relationship may be ap­

proximated by a straight line of the form 

x = c + a 'tan* n 

where T is the shear strength (abscissa), 

c is the cohesion or x- intercept, 

on is the normal stress (ordinate) and 

tan<|> is the slope of the straight line. 

This expression is called Coulomb's equation. 
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The above relationship is only valid foT isotropic dry 

soils. In saturated conditions, part of the normal stress 

is hydrostatically carried by the pore fluids which have a 

null shear resistance. The "revised" Coulomb's equation for 

saturated soils is then, in terms of effective components, 

T* = c' - an' • tan<j>' 

where an* = an - u and 

u is the pore pressure acting on the precise area under con­

sideration. 

From the approximation of the failure envelope by 

a straight line, the effective strength properties of a na­

tural material in classical geotechnical engineering are 

generally defined by a fixed effective cohesion, c', and a 

constant effective angle of internal friction, <(>'. These 

"parameters" are not soil properties in themselves, but cons­

tants defining the geometrical straight line model which is 

assumed to describe the soil's behaviour. 

Though this straight line model may be valid for 

most soils, it is presently thought by many researchers to 

be non-representative of the shear behaviour of the Cham­

plain Sea clays in Eastern Ontario and Western Quebec. 

3.3 The Fissured Leda Clay Stress-Strength Envelope 

Reports of quantitative determinations of the be-
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haviour in shear of the Ottawa clay seem to indicate a three 

part comportment. Figure 3.3 shows an idealized failure enve­

lope for the fissured Champlain Sea clay compiled from data 

published by Crawford and Eden (1967) and Mitchell (1970b). 

The stress level dependency of the soil's shear strength is 

demonstrated by the curvature of this envelope. A low stress 

range envelope linearly extrapolated from the high stress 

range data is also indicated on this figure. 

In a comparison of laboratory testing procedures 

and actual in situ conditions, Crawford and Eden (1967) in­

dicated the inadequacy of extrapolating the high stress ran­

ge envelope to lower stresses (Figure 3.3) for slope stabi­

lity analysis, due to the difference in behaviour of the 

clay above and below preconsolidation pressures. Their inves­

tigation of the stress range below preconsolidation gave a 

horizontal envelope, and Townsend et al (1969) proposed that 

this soil has an essentially cohesive behaviour at stresses 

below the preconsolidation pressure. 

Further testing by Mitchell (1970b) demonstrated 

that the shear strength components of the fissured Leda clay 

vary considerably in the low stress range with the applied 

effective normal stress, from essentially frictional under 

very low stresses to essentially cohesive at higher stres­

ses below the preconsolidation pressure. 
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Figure 3.3 IDEALIZED FAILURE ENVELOPE FOR FISSURED LEDA CLAY 
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Tension tests of these fissured soils (Jarrett, 

1970) indicated no noticeable tensile strength for nine out 

of ten samples tested, while the "lower" less fissured clay 

showed cohesion to varying degrees as indicated by the T ' -

intercept (Lo and Morin, 1972). 

Figure 3.4 is a schematic representation of the 

Ottawa fissured clay failure envelope on which the three 

different stress ranges, high, intermediate and low, are 

indicated. 

In the high stress range, above the measured pre­

consolidation pressure, the slope of the failure envelope 

exhibits the essentially frictional nature of the mechani­

cal strength of the clay, the shear strength being directly 

proportional to the applied normal stress. A rupture at these 

high stresses is usually accompanied with a large volume de­

crease; there is a general deformation of the material with 

no definite failure surface developed. This portion of the 

fissured clay behaviour is attributed to a complete breakdown 

of the clay structure and has been termed "work hardening 

plastic flow" by Eden, (1975). 

The nearly horizontal component of the shear strength 

envelope in the intermediate stress region implies mainly co­

hesive properties with only minor frictional characteristics, 

if any. The shear strength is fairly constant through-out and 
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failure occurs along well defined planes with little or no 

volume change. The brittle nature of the mechanical resis­

tance in this region probably implies shearing of the bonds 

between particles. Anisotropy has its greatest effect on shear 

strength in this range (Mitchell, 1970). 

The slope of the envelope in the low stress range 

indicates a high frictional shear strength component with 

little or no cohesive part. Strain under low stresses is 

usually related to volume increase, and the material seems 

to behave like a dense granular soil and exhibits dilatancy. 

At failure, the clay breaks down to a fluid mass of small 

nodules along the failure plane. This behaviour is presuma­

bly caused by the weak confining stresses which permit a re­

lative displacement of the"floes" without rupture of these 

basic units. This low stress behaviour is considered impor­

tant for slope stability analysis since initial failures 

usually occur in the upper portions of the soil mass, just 

below the desiccated crust, when an abundant "supply of 

free water is available" (Eden, 1975). Furthermore, the 

state of the debris after a slope failure is similar to the 

condition of the low stressed soil at rupture (Jarret, 1972). 

It would appear, from the above observations, that 

the fissured clay envelope shows little or no cohesive pro­

perties in the very low stress range though its exact beha­

viour is unknown and is probably related to the nature of the 
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micro-fissures on the weakest planes. Extrapolating the low 

stress envelope from the high stress region normally gives 

more conservative shear strengths than actually measured. 

In slope stability analysis, the high stress shear strength 

envelope is of little practical importance since the loading 

of a slope above preconsolidation pressure would in all pro-

bality result in failure before the overcharging is completed 

The behaviour of soil slopes in shear is primarly concerned 

with intermediate and, predominantly, low stresses; it is of 

the utmost importance to establish precisely the clay's be­

haviour in the an' = 0 and slightly above stress region, sin­

ce a small cohesion may have considerable influence on the 

calculated factor of safety. 

3.4 Manipulation of the Curved Envelope 

Stability analyses normally rely on a fixed cohe­

sion and internal friction angle to describe the soil's 

shear strength. Since most of these investigations in the 

Ottawa area are mainly concerned with the low stress ran­

ge, as illustrated by the observed shallow failure surfa­

ces on actual slides, this part of the curved failure en­

velope of the fissured Leda clay is usually approximated 

by a single straight line whose Y-intercept and slope pre­

sumably define the soil's shear strength parameters (Eden, 

1975). 



38 

Toombs (1973) suggests that the curved failure 

envelope could be represented by three straight lines each 

defining the low, intermediate and high stress ranges. This 

solution, though giving a better picture on the soil's over­

all behaviour, does not permit a more precise manipulation 

of the curved stress-strength envelope in the low to very 

low stress region since this part of the Mohr-Coulomb fai­

lure envelope is again approximated be a single straight 

line as in the previously described technique. 

Since most slope stability analyses are done today 

using computer methods, the curved failure envelope could be 

better represented by the use of a high degree polynomial 

of the form 

T' = a.a'5* b-a,,,+ c«a,3+ d«a*2+ e*o' + f 

where the constant a, b, c, d, e and f can be obtained by 

a curve fitting method as similarly suggested by Lo and Lee 

(1973). 

The curved failure envelope can also be represen­

ted by a series of straight lines each having a definite 

an' range as indicated on Figure 3.5. The method of appro­

ximating the curved failure envelope by a series of straight 

lines is thought to have better practical applications sin­

ce it requires no particular fitting method and gives a di­

rect representation of the x'-an' relationship. In each of 

the two latter cases, the effective shear strength needs not 
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be expressed in terms of cohesion and internal friction an­

gle, but as a function of an', the effective normal stress. 

The use of an equation of the form 

x» = f (V) 

in slope stability analysis to describe the soil's shear 

strength behaviour needs only a minor revision of the sta­

bility equation used. 

3.5 The Applicability of the Bishop Method of Analysis 

Various methods for evaluating the stability of 

slopes have been developed; most of these were originally 

designed for hand calculations and contain limiting assump­

tions to allow reasonably fast solutions. With the advent 

of computers, most of these methods have been programmed 

and new techniques have also been developed; some compre­

hensive computer slope stability programs offer a wide 

spectrum of the available methods and a user is now faced 

with choosing the analysis method best adapted to the pro­

blem at hand. 

Whitman and Moore (1963), in a comparative study 

of the then available slope stability analysis methods, sug­

gest that the friction circle method with a half sine wave 

normal effective stress distribution to be closer to the 

"most correct" solution and recommend the use of the Bishop 

method as the most practical method of solution. Since the 
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observed mode of failure in the Champlain Sea clay slopes 

of the Ottawa area is similar to the circular arc failure 

surface assumed by the Bishop method, and since the results 

obtained from this method seems representative of field ob­

servations, the Bishop modified method of analysis is widely 

accepted by professional investigators and is the method 

chosen for the present parametric study. 

3.6 Review of Bishop's Modified Method of Analysis 

The Bishop method of analysis is based on the li­

mit equilibrium of forces and moments, and involves choosing 

a circular failure surface and dividing the sliding portion 

into slices. The basic assumptions of the method are: 

- the soil behaves as a Mohr-Coulomb material, 

- the factor of safety is the same for all slices and 

- the sum of the vertical shear forces on each side of the 

slices is negligible, so that these forces may be consi­

dered equal and opposite (Xn + Xn+1 = 0). 

The above assumptions have been questioned by some 

researchers and should be considered as approximations. A 

more complete evaluation of the forces acting on a general 

sliding mass is given by the Morgenstern-Price method. The fol­

lowing review of the Bishop expression takes into account the 

modification of defining the shear strength of a Mohr-Coulomb 

material as a function of the effective normal stress. 



42 

Figure 3.6 is a representation of the slope geo­

metry and of the force diagrams. 

If a slope at the verge of sliding is at equili­

brium, the sum of the stabilizing moments is equal to the 

sum of the overturning moments, 

ZS-R = ZW-x 

If x = R« sina 

and S 

F 

= 

= 

T ' - l , 
F 

S T ' -1 
SW'sina 

The factor of safety is then the sum of resisting 

moments over the sum of overturning moments. 

The effective shear strength, T', is defined by 

the Mohr-Coulomb envelope as a function of the effective 

normal stress 

x' = f(an') 

To find T' in terms of an', we must resolve a . 

From the force diagram, the total unit stress acting at 

the base of a slice is 

an = P = P' + u»l 
T T ~1~ 

a n ' : P » = P - u . l . 
1 1 ~T~ 

The Bishop method resolves the forces on the slice 

vertically: 
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W = P'cosa + S«sina 

P = W - S-sina • W - ^*r^- -sina 
cosa 

cosa 
and thus 

Cn' = W - u - T'-1 -sina , 
l'cosa l«cosa»F 

and if 1 = b 
cosa 

an' = W - u - T''tana . 
F F 

We thus obtain: 

F = £T'-1 , 
ZW-sina 

where T'= ( W - u - T'•tana ) 
F F 

Since the an' vs x' relationship is a curve of 

undefined shape, there are two possible methods for resol­

ving T' and F. 

a) Double Iteration method. Both x* and F can 

be resolved by the iteration method since W - u is a cons-
F 

tant. This method first necessitates assuming an initial 

value for F, calculating the corresponding (W - u - x'>tana) 
b ~"F 

factor and determining by iteration the correct x' shear 

strength from the Mohr-Coulomb envelope for each separate 

slice. The factor of safety for the entire sliding arc can 

then be computed using the assumed factor of safety, and 

then the assumed and computed factor of safety values are 
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compared. This procedure is repeated until the assumed F 

value is reasonably equal to the computed safety factor. 

This method is readily available with the use of 

high-speed computers, especially if an analytical solution 

is sought to resolve the true values of x' and F. The true 

value of each of these expressions is given by the inter­

section of two lines, one representing the theoritical re­

lationship between the assumed and computed values (Vc = 

Va) which is a 45° sloping line, and the other is defined 

by the actual linear relationship between assumed and com­

puted values; the true value is then 

V+ = V„, - m»V„, , where m = V ~ - V - , and u cl al_ ' c2 cl ' 
~^~^ Va2 " Val 

V , and V ~ are tne computed values from the assumed values 

V a l and V a 2 (figure 3.7). 

b) Analytical method. The second method for re­

solving the factor of safety necessitates the fitting of a 

curve to the Mohr-Coulomb envelope to express the a ' vs 

x' relationship in algebraic form to resolve x' in terms 

of W and u (function defining the equation of the curve). 

This can either be done by fitting a high-degree equation 

as previously described, or by assuming that the a ' func­

tion may be represented by a straight line (Coulomb's e-

quation) or by a series of straight lines tangent to dif­

ferent points of the envelope; each line would in fact re-
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present a definite portion of the curved failure envelope 

(as in the present computer program, and as shown on figure 

3.5). 

The equation for a linear representation of the 

function ' ,- , ... 
T = f (an') is 

xl = c' + tan<f)'*a ' (linear equation of the form 

y = m-x ± b) 

where c' is the Y-intercept and tan<j>», the slope of the 

straight line. 

We thus have that 

x' = c' + tan<j>' • (W - u - x' -tana) , and 
F F 

x' = c' + tan<f>'- (W - u) - x' -tana-tanfl' . 
b F 

Thus x' = c' + tan<j>'-(W - u) 
b . 

1 + tana-tantj)' 
F 

The factor of safety is then 

F = z x'-l 
1 + tana-tan^>' 

F 
SW'Sina 

And since the value tana must always have the same sign on 

each side of the center of the failure arc, we get 
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2 
T + 1 tana | • tan<t>' 

F = F 

ZW*sina 

The factor of safety can then be resolved by a single ite­

ration procedure. 
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CHAPTER 4 

THE CONDITIONS AT THE THREE STUDY SITES 

4.1 General 

A general description of the conditions existing 

at the three sites examined by the parametric study is gi­

ven. Geological and hydrogeological conditions are discussed 

and a brief review of the geotechnical properties is presen­

ted. Geochemical determinations made by the author are also 

discussed. 

4.2 Location of Sites 

The clays whose properties are examined in this 

report are from three geographically adjacent proposed 

bridge crossing areas in Russell County, south-east of Ottawa. 

The location of these sites is indicated in Figure 4.1. 

The Bearbrook samples come from an area approxi­

mately 0,7 miles south of the village of Bourget on County 

Road no.8 in the Township of Clarence, United Counties of 

Prescott and Russell, Ontario. 

The South Nation site lies about 4i miles north of 
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the town of Casselman, between concession II and III on a 

route segment uniting county roads no. 8 and no. 16, in 

Cambridge township, Russell county. 

The Castor River area is at the proposed bridge 

site for county road no. 5, in lot 30, concession VI, in 

the township of Cambridge, United Counties of Prescott and 

Russell. 

All quoted elevations refer to geodetic benchmarks. 

4.3 Geology and Stratigraphy 

These three sites lie in the physiographic region 

of the Russell and Prescott sand plains. A thin veneer of 

sand of variable thickness (up to 4.6 meters), covers the 

underlying Champlain Sea deposits, with a thickness of about 

55 meters. The thickness of the Champlain Sea deposits is 

controlled by the underlying glacial till and limestone bed­

rock topography. Deep gullies have been cut by rivers and 

streams, creating metastable clay slopes in an otherwise 

monotonous topography. Bedrock and till exposures in the 

river bottoms seem to control the river gradients and bed 

elevations. Failures of the clay valley walls, sometimes 

of large retrogressive flow types, are caused by base ero­

sion of the slope walls and seem to be the main lateral e-

rosion agent in these areas. 
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Stratigraphic profiles for all three sites, as es­

tablished from boreholes logs, are shown in Figures 4.2a, 

4.3a and 4.4a; Figure 4.5 is a idealized borehole log show­

ing average index properties and field vane determinations 

for these sites. 

At the South Nation river and Bearbrook localities, 

the plain surface elevation is approximately 190 feet (58 

meters) A.S.L.. At Castor river, the surface is at an eleva­

tion of about 210 feet (64 meters) A.S.L.. Generally, the 

narrow valleys have steep walls with recent alluvial terra­

ces eroded to one side at the base. 

At the South Nation and Castor river sites, the 

top portion of the clayey horizon is altered to a stiff 

brown crust; this desiccated zone is not observed at Bear-

brook where erosive processes probably removed this highly 

altered layer. At all three sites, the recent alluvium that 

irregularly mantles the clay deposit consists of loose gray 

sand generally containing silt and clay traces and organic 

plant matter; this sand mantle is weathered to brown at the 

surface. Both grain size distribution and mineralogical com­

position seem to indicate that this material originates from 

the erosion of the underlying clay. At the South Nation 

crossing, the layered intermixed nature of the sediments, 

as well as the presence of recent plant material at depth 

under the terrace on the west river bank, seem to indicate 
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that this terrace is built up of reworked material from an 

old landslide either close upstream or at the site itself. 

Underlying the clayey crust and/or alluvial sedi­

ments, is a thick deposit of pink banded gray clay contai­

ning some sand and silt seams and black organic mottling. 

At Bearbrook and Castor, this banded clay grades with depth 

into a more uniform blueish-gray stiffer clay. A till hori­

zon, composed of gravel to clay-sized particles, is sand­

wiched between the clay and the shaly limestone bedrock. The 

till contains some boulders, especially near the base. 

Since the described stratigraphic sequences are all 

localized in the same plain cut by different river valleys, 

their surface topography is strongly dependant on local e-

luvation, erosion and alluviation processes, while the ex­

tent of the clay deposit at depth is controlled by the gla­

cial history which governs the irregular till and bedrock 

levels. Since these three sites are geographically adjacent, 

the geological and geotechnical properties of the clay mate­

rials would be expected to be similar, though they show some 

major differences. 

4.4 The Geochemical Characteristics 

In an attempt to establish geological differences 

between the clays from the above mentionned sites, partial 
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chemical characteristics of borehole and block samples were 

determined by the author in 1975 and 1976. No positive di­

rect correlations have yet been described between the mine­

ralogy-geochemistry and the shear behaviour of the Cham­

plain Sea clays. Figure 4.6 shows the ratios of soluble cal­

cium and iron to total element established from Shelby tube 

samples, as well as mean carbonate contents for block sam­

ples taken in the river bank at low water level. 

The carbonate (calcite and dolomite) contents were 

determined with the use of a Chittick apparatus by the gaso-

metric method described by Dreimanis (1962). 

Soluble calcium and iron fractions were obtained 

by leaching oven dried samples with weak hydrochloric acid; 

total calcium and iron determinations were made on samples 

completely dissolved by the hydrofluoric-perchloric acid 

attack method. Analysis for the above mentioned fractions 

were done using the Department of Geology Atomic Absorption 

unit using standard procedures. 

There is no noticeable trend at either sites for 

the variation of iron content with depth. Though no absolu­

te correlation is indicated, there is an increase in the so­

luble to total calcium ratio with depth followed by a decrea­

se. The inflexion point where this ratio trend changes from 

an increase to a decrease seems to correspond approximately 
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to the elevation where the vane shear strength starts to 

increase (Figure 4.4). There is thus a possible inverse 

correlation between soluble calcium and vane shear strength 

at depth. 

Though there is no trend in either calcite or do­

lomite content from site to site, there seems to be an in­

verse relationship between total average carbonate content 

and the average shear strength measured at each site- The 

South Nation site, which has the weakest shear resistance, 

has the highest total carbonate content, while Bearbrook 

shows the lowest carbonate content and highest shear strength. 

The present geochemical data may indicate the pos­

sibility of in situ weathering of calcium rich minerals and 

leaching of the soil as postulated by Sangrey (1972b). 

The increase in soluble calcium would correspond to an ac­

cumulation of the soluble fractions through leaching. The 

decrease in volume accompanying the weathering process 

would tend to fissure the soil as observed. The soluble cal­

cium decrease would correspond to a less weathered and 

less fissured soil showing a greater shear strength. The 

above evidence seems to indicate that the weathering-lea­

ching hypothesis presented by Sangrey is applicable to the 

present sites, though further testing is required to obtain 

a positive determination. 
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4.5 Hydrogeological Characteristics 

Figures 4.2b, 4.3b and 4.4b show the groundwater 

flow characteristics at each site inferred from maximum 

piezometer and standpipe measurements in the boreholes. 

All three sites show approximately the same type of flow. 

There is a strong downward component in the clay banks 

which seems to be drained by the more pervious till layer 

and fissured top portion of bedrock. The more impervious 

massive shaly limestone beds also are presumably drained 

by the till (groundwater recharge area). The till stratum 

usually exhibits strong to artesian groundwater conditions, 

especially near or under the river bed where porepressures 

are dissipated by an upward flow (groundwater discharge a-

rea): this is indicated by an increase in groundwater po­

tential with depth and results in a near parallel to sur­

face flow at shallow depths in the clay slopes. The piezo­

metric level in the granular material below the clay seems 

to reflect the general groundwater surface in the overlying 

sand plain. 

These observations are consistant with laboratory 

determinations of these clays where low horizontal to verti­

cal permeability ratios in the order of 2:1 to 5:1 are ob­

served (Laffont, 1977); these near isotropic conditions could 

allow for the observed flow types (Gelinas, 1976). 



62 

More detailed observations at other sites in the 

Ottawa area have also indicated the presence of this type 

of groundwater flow where similar stratigraphic and morpho­

logical conditions exist (Drouin et al, 1975). These con­

ditions are thought to be much more generalised in the area 

than previously indicated. 

Patton and Henderson (1974) have indicated that 

horizontal groundwater flow or flow parallel to the slope, 

as shown in Figure 4.7a, is seldom found in practice, and 

that a flow from recharge to discharge area (Figure 4.7b) 

is much more common in slopes of fairly uniform permeability. 

They stress the importance of establishing a detailed drain­

age pattern and obtaining a realistic profile showing not 

only the significant geologic structures but also the infer­

red porewater pressure acting on a potential or actual fai­

lure surface, because of the significant influence of the 

groundwater flow regime on the stability of slopes. 

Scott et al (1976) discussed the importance of es­

tablishing a realistic flow net representative of the ground­

water flow regime. Total shear strength being constant, in 

typical limit equilibrium slope stability analysis procedu­

res, a decrease in cohesion, c', with a proportional increase 

in the internal friction angle, <f>' , tends to generate a 

shallower potential failure surface than a more cohesive near 
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frictionless material. The resulting low normal stress in 

this shallow slip surface entails an increase in the influen­

ce of the groundwater flow regime, since the calculated fac­

tor of safety varies considerably with moderate changes in 

pore water pressures. It is evident that the observed ground­

water flows have considerable influence on the behaviour of 

slopes and must be considered as important as the soil's 

shear strength characteristics. 

4.6 Geotechnical Properties 

Since this study is not primarily concerned with 

the index properties of these soils, only a brief summary 

of the soil properties is presented. A detailed description 

of the geotechnical properties of the clays at these sites 

can be found in Toombs (1973) . A general resume" is presented 

here. 

Due to the fairly level nature of the plain and 

the close localization of the sites, it would appear that 

the clays from these three sites would have similar proper­

ties, though in fact these vary widely. 

Atterberg limits, water contents and field vane 

shear strengths are indicated along the borehole logs in Fi­

gure 4.5. In general, the less sensitive Bearbrook clay has 

a lower water content, well within the liquid limit, than 
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the Castor and South Nation river clays. Similarly, the low­

er average plastic limit of the South Nation river clay pro­

bably indicates a lower clay content (Bjerrum, 1954). The 

very high water contents below the 140 foot level at the 

South Nation site are noteworthy. Where the desiccated crust 

occurs, the water content is low, close to or below the 

plastic limit. 

The soil unitweights vary slightly in the South 

Nation area, showing the highest values (103 to 115 pcf or 

1.6 to 1.8 g/cm3. The Bearbrook and Castor sites show ap­

proximately the same values (104 to 108 and 101 to 108 

pcf respectively, or 1.5 to 1.7 g/cm3). 

The standard deviations of the Atterberg limits and 

indexes for the soils on tables 4.1, 4.2 and 4.3 indicate that 

the South Nation river clay is much less uniform than the o-

ther two clays. The Castor river clay seems to contain more 

clay minerals due to the higher mean plastic index and plas­

tic limits. 

These mean values are plotted on the plasticity 

chart in Figure 4.8. This chart shows that the South Nation 

River clay has a medium plasticity, while Bearbrook and Cas­

tor clays show a high plasticity. All three clays are situa­

ted close to the "A" line indicating their silty or slightly 

organic nature. 
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Table 4.1 LIST OF ATTERBERG LIMITS AND INDEX 
PROPERTIES 

South Nation River Site 

Pw Lw W Iw II 

z 
X 

a 

33 

12 

16 

16 

15 

15 

14 

18 

7 

8 

10 

7 

13 

21 

22 

18 

28 

34 

23 

25 

16 

28 

24 

22 

445 

18.54 

7.63 

77 

51 

55 

47 

56 

56 

22 

43 

41 

42 

36 

41 

44 

35 

50 

33 

34 

49 

42 

38 

23 

52 

57 

34 

1058 

44.08 

11.99 

54 

35 

54 

70 

45 

47 

32 

47 

62 

66 

66 

69 

66 

57 

47 

47 

48 

50 

32 

23 

50 

53 

62 

33 

1215 

50.63 

12.94 

44 

39 

39 

31 

41 

41 

8 

25 

34 

34 

26 

34 

31 

13 

28 

15 

6 

15 

19 

13 

7 

24 

23 

12 

602 

25.08 

11.91 

0.48 

0.59 

0.97 

1.74 

0.73 

0.78 

2.25 

1.16 

1.62 

1.71 

2.15 

1.82 

1.71 

2.77 

0.89 

1.93 

3.33 

1.07 

0.47 

-0.15 

4.86 

1.04 

1.65 

0.92 

36.49 

1.52 

1.06 



67 
Table 4.2 LIST OF ATTERBERG LIMITS AND INDEX 

PROPERTIES 
Castor River Site 

Pw 
21 

27 

25 

28 

26 

30 

27 

27 

27 

29 

25 

27 

24 

22 

23 

22 

23 

26 

29 

26 

21 

20 

23 

24 

29 

23 

26 

26 

706 

25.21 

2.70 

Lw 
59 

77 

76 

81 

76 

71 

77 

81 

67 

78 

64 

80 

62 

74 

66 

68 

72 

66 

66 

57 

59 

39 

58 

61 

86 

55 

81 

73 

1930 

68.90 

10.42 

nr 
63 

74 

71 

78 

81 

70 

77 

78 

72 

71 

70 

76 

67 

73 

63 

63 

68 

66 

71 

61 

59 

61 

67 

72 

91 

56 

75 

67 

1961 

70.04 

7.48 

lw 
38 

50 

51 

53 

50 

41 

50 

54 

40 

49 

39 

53 

38 

52 

43 

46 

49 

40 

37 

31 

38 

19 

35 

37 

57 

32 

55 

47_ 

1224 

43.71 

8.87 

11 

1.11 

0.94 

0.90 

0.94 

1.10 

0.98 

1.00 

0.94 

1.13 

0.86 

1.15 

0.94 

1.13 

0.98 

0.93 

0.89 

0.92 

1.00 

1.14 

1.13 

1.00 

2.16 

1.26 

1.03 

1.09 

1.03 

0.89 

0.87 

29.44 

1.05 

0.24 
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Table 4.3 LIST OF ATTERBERG LIMITS AND INDEX 

PROPERTIES 

Bear Brook Site 

P'w ' Lw V lw .11 

z 
X 

a 

27 

32 

23 

23 

20 

27 

30 

30 

25 

17 

18 

20 

20 

28 

23 

22 

20 

22 

27 

21 

28 

22 

20 

28 

26 

23 

622 

23.90 

4.03 

73 

75 

70 

50 

50 

70 

78 

76 

62 

36 

42 

42 

42 

75 

62 

45 

51 

53 

68 

46 

71 

51 

60 

78 

70 

77 

1573 

60.50 

13.68 

32 

46 

52 

37 

38 

50 

55 

58 

50 

30 

35 

32 

35 

51 

43 

33 

27 

46 

40 

39 

30 

36 

55 

57 

54 

50 

1111 

42.70 

9.67 

46 

43 

47 

27 

30 

43 

48 

46 

37 

19 

24 

22 

22 

47 

39 

23 

31 

31 

41 

25 

43 

29 

40 

50 

44 

54 

951 

36.58 

10.37 

0.11 

0.33 

0.62 

0.52 

0.60 

0.53 

0.52 

0.61 

1.48 

0.68 

0.71 

0.55 

0.68 

0.49 

0.51 

0.48 

0.23 

0.77 

0.32 

0.72 

0.05 

0.48 

0.88 

0.58 

0.41 

0.50 

14.36 

0.55 

0.27 
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Figure 4.9 shows a plot of all available field 

vane measurements with depth for all three sites. The field 

vane strength tends to decrease from the surface to well be­

low the presumed high alteration zone (chemical or cement 

overconsolidation) then increases with depth (natural con­

solidation) . The average low vane shear strength is appro­

ximately 0.75 KSF (36kPa) for Castor, 1.0 (48kPa) for South 

Nation and 1.7 KSF (86kPa) for Bearbrook. 

Toombs (1973) indicated a field vane strength to 

preconsolidation pressure ratio of about 0.3 for all three 

sites except for one measurement at Castor River where the 

ratio is close to 0.6. It is noted that this sample was sub­

jected to a large fill surcharge which would tend to increa­

se the vane strength while decreasing the preconsolidation 

pressure due to a structural disturbance of the clay. 

Crawford and Eden (1967) in an analysis of the Ot­

tawa fissured clays, surmise that for a given elevation, the 

preconsolidation pressure measured at a number of sites 

should be approximately the same. Toombs (1973) indicated 

that the observations at the three above sites do not con­

firm Crawford and Eden's findings; it may be applicable 

to preconsolidation pressures measured at depths below the 

weathered zone, as demonstrated by the similar vane strength 

(1.7 KSF, 86kPa) at an elevation of about 130 feet (40 meters) 
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at all three sites. The portion below this elevation could 

possibly correspond to a normal consolidation zone while 

the upper zone would correspond to an area strongly affec­

ted by chemical weathering. The site showing the weakest 

vane strength could demonstrate a different degree of che­

mical action than that at the strongest site. 

Figure 4.10 shows the p'-q' plots and effective 

normal stress-effective shear strength relationship deter­

mined by Toombs for the three sites. These envelopes are 

summarised in Figure 4.11. 

As previously discussed, these fissured clays show 

a small or no cohesive intercept at an effective normal 

stress of zero, though no testing was done in the very low 

stress range and thus it is not known if the envelope pas­

ses through the origin. 

The clay's shear strength behaviour at an' = 0 

will be discussed further in chapter 5. 
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CHAPTER 5 
75 

PARAMETRIC ANALYSIS 

5.1 General 

Slope failures in the Champlain Sea clay present 

a major construction problem in Eastern Canada, especially 

in the more densely populated areas, such as the Ottawa low­

lands, where efficient land management is a very important 

aspect of regional development Land management is only 

possible through the use of "tools" condensing a wide in­

formation spectrum, of which geological and geotechnical 

maps are an important part. 

Slope stability considerations could best be delt 

with by the use of general "factor of safety" maps covering 

the problem areas. Such maps have been prepared in the past, 

but it is suggested that the assumptions used in the analysis 

may oversimplify and distort the slope stability conditions 

existing at many sites. 

The stability of slopes can be related to three 

major factors which will be discussed in this chapter: 

lo the slope and subsoil geometry, 

2o the soil's resistance to shear forces, and 

3o the groundwater flow characteristics within the slope. 
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The slope surface geometry is established by a general sur­

vey of the area. The subsoil geometry is inferred from borings 

and surface geological observations in the area adjacent to 

the site. The soil's shear behaviour can be evaluated by 

in-situ or laboratory testing. All of the above factors de­

pend on the geological history of the site-

The knowledge of the characteristics and of the 

influence of the groundwater flow in clay slopes of the Ot­

tawa area has increased considerably in the past few years; 

porewater pressure distributions seem to be typically rela­

ted to the subsoil stratigraphy as well as regional flow 

characteristics. 

This chapter discusses the above mentioned para­

meters as applied to a general stability analysis of slopes 

in the Ottawa area. The present study should permit a bet­

ter evaluation of the interinfluence of the three main pa­

rametric variables: 

- geometry of the slope, 

- shear characteristics of the soil and 

- groundwater flow. 

The relationship between the slope height and gradient has 

been studied by previous researchers. 
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In an effort to allow for a more efficient planning 

and development of the area south-east of Ottawa, Klugman and 

Chung (1976) made a general engineering geology study to semi-

quantitatively classify the slope of this area as to their 

failure potential. In this study, no in-situ testing or ob­

servations other than slope measurements were made, and two 

of the three main variables controlling the performance of 

natural slopes were fixed as constants. The analysis was con­

ducted assuming average low stress range soil shear strength 

parameters of 33° for the effective angle of internal fric­

tion (<j>') and 200 PSF (98 Kg/square meter) for the effective 

cohesion (c'). The analysis further assumed hydrostatic 

groundwater conditions which are presumably the worst condi­

tions typical of the spring period when slope failures occur. 

The results of this study are summarized in Figure 5.1. 

Two of the basic assumptions made in this study 

may be questioned as to their validity. As previously in­

dicated, the soil shear strength is extremely variable from 

site to site and the selection of a single set of parameters 

to describe the soil's shear performance in the entire region 

is questionable. Furthermore, observations have proven that 

the assumed hydrostatic porewater pressure distributions is 

not typical of the worst possible conditions that may exist. 
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Lafleur (1978) and Fransham (1978) made parametric 

studies of specific slopes in the Champlain Sea clays with 

in-situ piezometric observations. Both these studies have 

indicated much more variable groundwater flow conditions 

then the homogeneous flows normally assumed in classical 

geotechnical engineering analyses. The subsurface water flow 

systems observed in these studies corresponded to the flow 

nets inferred from piezometric observations made at various 

sites in the Ottawa area; the flow systems vary from arte­

sian to downward flow conditions. For each site analysed 

in the two above mentioned studies, linear shear strength 

parameters were established from laboratory testing, and 

subsurface stratigraphy were determined by field observa­

tions. 

5.3 Slope Geometry 

The amount of variation in the factor of safety 

value entailed by a change in either shear strength or 

groundwater flow type for different slope geometries should 

be examined to evaluate this range of variation. 

The results of the parametric study given in Figure 

5.1 show a slope heigth to factor of safety relationship 

for different slope gradients suggested for the National 

Capital region. These results have served as a guide in the 
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present study to choose slope geometries corresponding to mo 

derately low, intermediate and moderately high slopes repre­

senting the range of typical design heights at a factor of 

safety near unity. The resulting slope surface geometries 

(30 feet at 1:1.75, 50' at 1:2.5 and 70' at 1:3) are illus­

trated in figures 5.2, 5.3 and 5.4 respectively. 

The study of these three height dependant slope 

geometries in the parametric investigation will presumably 

allow to establish an approximate relationship between the 

effect of various slope geometries on the factor of safety 

for different sets of conditions. This will possibly permit 

to determine if a lower slope requires a less critical eva­

luation of the soil's shear behaviour and of the acting 

porewater pressures than do higher slopes. 

5.4 The Soil Shear Strength Parameters 

5.4.1 Evaluation of the Linearly Approximated Envelope 

The curved stress-strength relationship shown by 

the Champlain Sea clays' shear behaviour has been extensive­

ly discussed in chapters 3 and 4. 

Though the inapplicability of determining the 

soil's shear strength at low stresses by extrapolating its 
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behaviour in the intermediate and high stress range has been 

proven, the need to evaluate the shear strength parameters 

from a curved Mohr-Coulomb failure envelope may still be 

questioned Since slope failures occur under low normal 

stress conditions, the classical method of representing the 

soil's shear strength by a single set of c' and $' values 

may adequately describe the material's behaviour in this ef­

fective range. 

McEnery (1978), in a study of the behaviour of 

Leda clay from different sites of the Ottawa area, suggested 

than an intermediate line between the tangent and the secant 

to the curved Mohr-Coulomb failure envelope, over the stress 

range expected on a potential failure surface, is sufficient­

ly representative of the shear strength for stability analy­

sis purposes. This normal stress range in usually limited 

between a near zero value and about half the preconsolida­

tion pressure. 

Scott et al (1976) indicated that a slight varia­

tion in porewater pressure will entail, at near critical ef­

fective conditions, considerable variations in the computed 

factor of safety value for a given slope. This variation in 

the critical state emphasizes the importance of an exact 

evaluation of the soil's low stress shear strength. 
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The present part of the parametric study will use 

the three different Mohr-Coulomb envelopes obtained for the 

Castor river, Bear brook and South Nation river sites. Both 

the true curved envelope and the approximation described by 

McEnery will be analysed (Figures 5.5, 5.6 and 5.7). The 

comparison of the results from the above shear strength va­

lues will give an indication of the influence on the factor 

of safety of the use of the true failure envelope compared 

to the use of an average value; it will also permit to eva­

luate the sensitivity of the factor of safety to what may be 

considered minor variations in the soil's strength properties. 

5.4.2 The Cohesionless Failure Envelope 

The use of a x-intercept equal to zero to describe 

a soil's shear strength behaviour in a slope stability analy­

sis based on the Bishop expression tends to generate for the 

most critical failure surface extremely shallow soil wedges 

parallel to the slope surface. This type of analytical so­

lution is correct since the purely frictional nature attri­

buted to the soil will define the weakest shear strength at 

an effective normal stress tending toward zero. 

The failure surfaces associated with these extre­

mely low safety factors have been termed unrealistic since 

they are not generative of slope failures; they may at best 
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be associated with the saltation or surface erosive processes 

observed on slopes during periods of high run-off. 

It is common procedure in stability analysis to as­

sume that the soil properties of the uppermost geologic unit 

and the groundwater conditions inferred from in situ observa­

tions extend to surface. This assumption may be misleading 

since it totaly ignores the stabilizing effect of the surfa­

ce alteration zone. It is well recognized that the Champlain 

Sea clays are composed at surface of an irregular layer of 

weathered and disturbed material; sampling for laboratory 

determinations is usually done below this zone. The material 

in this altered layer is very stiff to brittle and heavily 

fissured on both small and large scales; it does not show 

the same shear and hydraulic conductivity properties as the 

subjacent soil from which its behaviour is extrapolated. 

Such differences in soil behaviour, principally hydraulic 

conduction, may even be assumed to exist on freshly exposed 

clay slopes, such as landslide scars, where dilatation due 

to material removal may cause considerable fissuring in the 

superficial horizons. 

The extent of this horizon is geologically negli-

geable but may have considerable influence on shallow failure 

surfaces. A stiffer upper material would increase the overall 

slope shear strength, and its fissuring would not allow for 
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a sufficiently high porewater pressure buildup to obtain 

zero effective normal stresses near the slope surface. The 

highest possible porewater pressures in an open system 

such as the one presented by the upper fissured horizon 

would correspond to hydrostatic state; the conditions 

favoring this state are only possible in prolonged periods 

of high run-off when complete saturation of this zone is 

attained. This zone in fact acts as a dissipation zone for 

the high porewater pressures below. Even at saturated con­

ditions, a few feet of this type of material would trans­

mit to the underlying soil sufficient effective stress to 

attain conditions well in excess of 0^=0 near the slope 

surface. 

Due to. the lack of engineering significance of the 

shallow failure circles generated by a c'=o analysis, it is 

presently suggested that the use of a very low value of co­

hesion, c*=l psi (6.6 kPa), would do away with these inconve­

nient circles without significantly affecting the analysis 

results. Both c'= 0 and c'= 1 psi (6.6 kPa) will be used in 

conjuncture with the true curved envelope to determine the 

extent of variations of applicability and the factor of 

safety values caused by the modification of the cohesion 

intercept. 
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The flow of groundwater in a porous medium has been 

intensively studied from the hydrogeological standpoint in 

the past, though these analysis were mainly concerned with 

quantitative evaluations for the development of confined 

aquifers and/or the determination of the hydrologic budget. 

Hubbert, in 1940, proposed a more generally appli­

cable flow model in which the direction of groundwater motion 

in any saturated water bearing medium is controlled by diffe­

rences in the hydraulic rather than the pressure gradient. 

The difference in potential energy causes a displacement of 

the groundwater towards the area of weakest hydraulic charge. 

The resulting groundwater model shown in Figure 5.8, assumes 

the following: 

- the water is incompressible and has a uniform density 

and viscosity, 

- the flow regime is permanent (constant limiting conditions), 

- surface infiltration is the only source of recharge, and 

discharge takes place through the river channel, 

- and the porous medium through which the groundwater 

flows is saturated, homogeneous and isotropic. 

The infiltrating surface waters define an horizon 

where the pore pressure is equal to the atmospheric pressure, 



GWT= groundwater table (After Hubbert, 1940) 

Figure 5.8 

SIMPLIFIED REGIONAL FLOW SYSTEM IN UNIFORMLY PERMEABLE MATERIALS 
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i.e. where the effective height of the water column is zero. 

This piezometric surface is not the groundwater phreatic 

surface normally considered but the interface between capil­

larity controlled flow in unsaturated conditions above and 

permeability and hydraulic gradient controls below. 

For the conditions implied in the above model, the 

flow direction is generally downward in the highlands or re­

charge zone, while this trend is reversed to an upward flow 

below the base of the slope in the lower discharge area. This 

results in non-uniform porewater pressure distributions in 

areas of topographical variations. This type of non-hydro­

static flow regime seems to correspond to what is generally 

observed near slopes (Patton, 1974) , and more specifically 

in the Champlain Sea clays (Fletcher, 1971; Scott, 1971; 

Scott et al, 1973 and 1976, Drouin, 1975; Lafleur, 1978; 

Fransham, 1978) where the difference between the actual 

groundwater flow and hydrostatic porewater pressure distri­

bution is accentuated by the presence of low permeability 

soils. In some of these areas, further variations in hydrau­

lic gradient are caused by the presence of more pervious 

layers near the base of the slope. 

Classical effective stress slope stability analyses 

mainly rely on ratios of the hydrostatic porewater pressure 

distribution to evaluate the effect of groundwater flow in a 

slope. Porewater pressures can be evaluated from the height 
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of the water column (piezometric surface) by an expression 

of the form: 
u » Yw * nw * a 

where u is the porewater pressure, 

Yw» the unit weigth of water, 

hw, the height of the water column, and 

a, a coefficient of proportionality between the true 

water column height and its effective height(usually 

varies between one, for hydrostatic conditions, to 

the squared cosine of the piezometric surface slope 

for parallel to groundwater surface flow), 

or for total stress by an expression of the form: 

u = ru * y * h 

where Y is "the unit soil weigth, 

h, the height of the soil column and 

ru, a coefficient of proportionality between the effective 

porewater pressure and the total stress (defined as 

B, Bishop, 1955) . 

In both of the above methods of determining porewa­

ter pressures, a constant coefficient describes a uniform 

groundwater distribution and flow direction. The flow direc­

tion is considered to be either horizontal or subparallel 

to the determined groundwater table, and hydrostatic conditions 

are assumed at the top and toe of the slope (Figures 5.9 and 

5.10). The piezometric surface is then a flow line describing 

the upper limit of a free-water body in which there is no 

surface exchange either from infiltration or evaporation. 
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These conditions are seldom observed in nature since a cons­

tant exchange takes place between the water table and the 

ground surface. Furthermore, the strong vertical groundwater 

component measured at the base of slopes indicates quite a 

different flow regime than would result from the horizontal 

flow generated by hydrostatic conditions. At most Leda clay 

sites, the piezometric surface may be assumed to coincide 

with the limit between saturated and unsaturated states and 

localised at the surface in the spring when the most favour­

able conditions for slope instability exist due to the high 

infiltrations from snow melt. 

From the slope stability point of view, hydrostatic 

conditions are often described as the worst possible ground­

water state. But it is evident that a downward flow at the 

top of the slope with an upward flow at the toe, as illus­

trated in Figure 5.11, will generate a greater increase in 

the overturning moment and hence a decrease in the stabi­

lizing mass, resulting in a net reduction of the factor of 

safety. Such a model is more critical than hydrostatic cond­

itions and may be considerably modified in areas of regional 

recharge or discharge, or by permeability variations within 

the slope. 

An homogenous slope composed of clay to infinite 

depth will show, under the previously discussed conditions, 

a flow system fairly similar to the one discussed (Figure 
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5.11). The presence of a more pervious horizon within the 

slope will considerably modify the direction of flow; gen-

enerally two sets of flow conditions arise from the presence 

of a permeable layer at most observed sites. 

If the pervious horizon outcrops at the toe of the 

slope, this aquifer acts as a drain and, in normal regional 

recharge conditions, will generate a downward flow in the 

overlying less pervious material, offering a lower energy 

channel for the groundwater (Figure 5.12). Parallel to slope 

groundwater flow and the permeable layer at base offer very 

similar flow conditions except for a slight variation of 

flow line at depth, though these differ considerably in 

that the failure circles in the stratified case are limited 

to levels at or above the toe of the slope because of the 

presumed more rigid nature of the aquifer zone. 

If the permeable horizon is below the toe of the 

slope and does not outcrop in the vicinity, this pervious 

layer acts as a drain for the clay further into the slope 

while it is itself drained through the overlying impervious 

material at the toe of the slope. This condition explains 

the strong artesian pressures measured at many sites in the 

Ottawa area and usually accompanied by a regional recharge 

of the aquifer (Figure 5.13). 
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The above discussion has indicated five possible 

groundwater flow types which will be analysed in the present 

study and are summarised below: 

- hydrostatic or horizontal flow, 

- parallel to ground surface flow, 

- true flow in a homogeneous material, 

- downward flow drained by a pervious horizon 

outcroping at the base of the slope, and 

- artesian upward flow at the base of a slope. 

Figues 5.9 to 5.13 illustrate these conditions. 

The comparison of the results of the analysis done 

with these five flow types will permit to evaluate the amount 

of the variation in the factor of safety that can be expect­

ed between true flow conditions inferred from actual ground­

water observations and the uniform flow assumed in classical 

geotechnical analysis. This comparative analysis will give 

an indication on the precision required in estimating stra­

tigraphy and porewater pressure distributions. 

A comparative analysis considering variations of: 

- slope height with a fixed gradient, 

- soil shear strength, 

- stratigraphic limits and 

- porewater pressure distributions 
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will give an indication of the relative importance and in­

fluence of these factors in slope stability analysis and 

permit to evaluate the degree of precision required in de­

termining these principal parameters. 
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THE COMPUTER PROGRAM 

6.1 General 

The program used in this study was developed in 

response to needs expressed by various consultants and re­

searchers of the Ottawa area in having a simple efficient 

slope stability analysis tool adapted to the type of inves­

tigation required for the Eastern Canada Champlain Sea clays. 

This program evolved from the use of program SSBM, ancestor 

to LEASE of the ICES package, and from other available 

computerized slope stability analysis methods by the author 

in the 1974-1975 period at the University of Ottawa. 

As discussed in the previous chapter, this program 

offers a computerized Bishop modified method of analysis 

taking into account the groundwater flow conditions and the 

soil's shear behaviour as expressed by the results of the 

field piezometric observations and the laboratory testing 

program. None of the other programs presently known have 

facilities to handle both factual groundwater flow nets and 

curved Mohr-Coulomb rupture envelopes. 

This chapter reviews some of the aspects of the 
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known computer programs dealing with the Bishop modified me­

thod of analysis. A comprehensive description of the program 

facilities will also be given. Two program versions, adapted 

to the type of available hardware, are offered: 

- a Fortran program edited on H level for the University 

of Ottawa IBM 360/365 

- and a second more limited version using a Texas Instrument 

TI-59 programmable mini-calculator. 

Though the program was extensively tested and was found to 

give mathematically exact solutions, the author assumes no 

responsability for errors that may occur from the use of 

the present programs. 

6.2 Review of Some Bishop Analysis Programs 

Many computer programs using the Bishop modified 

method of analysis have been proposed in the past. Of these, 

four packages are presently available in the Ottawa area 

for research or commercial applications: 

SSBM, whose exact origin is not known, is a poorly docu­

mented program. Many difficulties are encountered in nor­

mal runs mainly because of either negative arguments which 

generate imaginary numbers (square root of a negative va­

lue) , or divisions by zero (infinite value). The program 

handles porewater pressure through a single or multiple 
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piezometric surfaces combined with B~ and u0 soil parameters; 

the explanations on the use of the groundwater facilities 

are obscure. The program listing and deck is available at 

the department of Civil Engineering of the University of 

Ottawa. 

- LEASE-1 (Limit Equilibrum Analysis for Soil Engineering), 

presented by Bailey and Christian (1969) , is part of the 

ICES package (Integrated Civil Engineering System) deve­

loped at the Massachusetts Institute of Technology. Both 

Fellenius and Bishop analyses are done by this program. 

Porewater pressure are computed from a single or multi-

piezometric surfaces system or from the soil's ru factor. 

Though the ICES package is available at the University of 

Ottawa, the LEASE program was not purchased with the pack­

age and is not on line on the University computer. The use 

of this program is commercially available through the ser­

vices of Systems Dimensions Limited, Ottawa; because of its 

commercial nature, the program is stored in binary machine 

language, and listings are unobtainable. 

- SLOPE, developed by Fredlund (1974), is by far in many o-

pinions the best stability computer package yet offered 

for both commercial and research purposes. It is well do­

cumented and illustrated, and presents a comprehensive 

sequence of user options. Fellenius, Bishop, Spencer, 

Janbu and Morgenstern-Price methods can all be done using 
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this program; output can be controlled and plotter facilities 

are available. Groundwater flow influence is calculated from 

a single or multi-phreatic surfaces system, from the soil's 

ru factor, or from a grid distribution of equipotential 

pressure points. The program requires a considerable amount 

of machine space, and only few of the options offered are 

usually used in a typical analysis. The program is well 

suited for research purposes or for large parametric or com­

parative studies; its necessary link to the large computers 

may inevitably limit its use for the smaller consulting ser­

vices who only have limited access to these machines. 

- MBSB, published by Bowles (1974), is inoperative and was mo­

dified by St-Louis (1978) to run on the University IBM 360/ 

365. The program computes porewater pressures from a single 

piezometric line, hydrostatic conditions or from an average 

ru factor for the whole slope. The documentation is poorly 

developed and the program seems to offer no manipulation ad­

vantage over its predecessors. The program is very short 

and may possible be adapted to smaller computers, though 

no indications for this procedure are given. As in SSBM, cer­

tain conditions will not be properly analysed due to simpli­

fications which are incorporated in the programming logic. 

The limiting factor for the industrial application 

of most computer programs used by the author lies in the 

uncertainty in both the method of use and in the representa-
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tion of the results given by the method. The main cause of 

such difficulties can usually be related to a poor adapta­

tion of the input mechanisms to the type of problem analysed 

and to the engineer user's background, as well as to an unsa­

tisfactory documentation of the program. The unavailability 

of listings for the better commercial versions further handi­

caps the user since he cannot verify the programming logic 

nor modify the program for a specific problem. Because of 

these unknowns, computer programs are often related to a 

mysterious "black box", the use of which may set the practi­

sing engineer in a very uncomfortable position since he is 

solely responsible for the interpretation and the results 

obtained from the computer analysis. Errors due to either pro­

grammer or user misconceptions are always possible, and cannot 

be verified with poorly documented programs. A comprehensive 

documentation may help demistify computer programs and gene­

rate a more efficient use of these tools. 

6.3 Program Requirements 

The most obvious requirement of a program is the 

desired method of analysis. Less evident characteristics, 

such as documentation standards, error checks, simplicity 

of programming and adaptability of the program, are often 

considered secondary and are sometimes sacrificed. The impor­

tance of these factors is greatly underestimated since these 

mainly influence the ease of use of a computer program. 
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Basic documentation requirements for engineering 

computer programs have been discussed by the Committee on 

Computer Applications of the Geotechnical Engineering Divi­

sion of the American Society of Civil Engineering (1973). 

Their report stresses the necessity of a comprehensive user 

oriented documentation and recommends the use of a universal 

scientific programming language, such as Fortran IV. A tech­

nical file format (Figure 6.1) is also suggested to identify 

a program and its main characteristics. 

The type of comprehensive documentation generally 

needed for any engineering application program can be divi­

ded into four levels: 

lo a theoritical treatment of the program in which the ma­

thematical and engineering solutions are discussed to 

help the user decide if the program is compatible 

with the type of solution sought; expected input and si­

gnificance of output are explained. This description of 

the program should be complemented by: 

2o a set of typed examples illustrating the characteristics 

and facilities of the program; method of data preparation, 

options, input format and output type. 

3o Programmed controls and messages to inform on the internal 

option procedures or assumptions and to control program 

default if encountered. Machine interruptions of a run 
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Figure 6,1 PROGRAM IDENTIFICATION 

1. Program Title: 

Slope stability analysis by the Bishop modified method 

using an equal pressure net and non-uniform shear 

properties. 

2. Program Code Name: 

SIOU, slope investigation Ottawa university 

3. Writer: 

G. Deschamps 

4. Organisation: 

Department of Civil Engineering, University of Ottawa 

5. Date: 

May, 1978 

6. Updates, vers ions: 

No updates, two versions; Fortran for IBM 360 and 

TI - 59 mini-calculator 

7. Abstract: 

The program will analyse set failure circles by the 

Bishop modified method of slices considering groud-

water flow represented by an equal pressure net and 

non-uniform soil shear strength parameters. 
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occur when errors are encountered during the processing 

of a program; such errors are normally caused by mis­

takes in the input data set or in the program logic. 

These controls should allow for a normal program termina­

tion or correction of the more obvious errors before 

machine interruption occurs. The messages should suffi­

ciently explain the source and possible cause of the 

problem encountered. The programmer should not rely on 

compiler messages because most users are normally not 

sufficiently familiar with either the program itself or 

the programming to easily understand the source and re-

midy to the problem encountered. 

s 

4o A detailed program breakdown describing the mathematical 

solutions, computational procedures and assumptions 

used, to permit debugging or modifications for updating 

or adapting purposes. This type of detailed description 

of the program construction should be completed by 

labels in the program itself to localize and identify 

the various steps in each procedure. 

The above described detailed documentation should give a 

program the flexibility needed for a comprehensive use. 

Slope stability computer applications offer a 

further point of consideration by the variability in size 

and type of problems analysed as well as by the accessibili­

ty to the machines and time required for data preparation. 
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The use of large computer facilities may be economical for 

extensive parametric studies, but for short analyses the 

time required to prepare the data in the necessary format 

(card punching) and execute the runs on machines to which 

the consulting engineer has only limited access may prove 

to be an expensive enterprise. 

Since most routine analyses are only concerned with 

a specific set of limiting conditions and since programmable 

mini-calculators are readily and inexpensively available to 

most consultants today, a program adapted to these analyti­

cal tools would permit the in-house analysis of slope sta­

bility problems. This would eliminate travelling time between 

office and computing centre and also the need of punching 

the information on cards. 

The design of a slope stability program adapted to 

mini-calculators requires a smaller, more limited program 

than those normally available on line on the large computer 

systems where the storage space allocated to a program is 

not usually a major setback. A smaller more specialized pro­

gram would also permit lower running costs on larger systems, 

although this is not usually an important aspect because of 

the large difference in cost between a computer run and the 

engineer's time. A smaller program will increase the class 

rating of the job on time sharing systems allowing for a 

faster turnover in jobs. This is particularly important at 
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the university teaching level were the students can learn 

to familiarize themselves with such techniques, not only on 

large systems but also on the more compact machines. 

Most of the examined programs for which a listing 

was availahle used assumptions in their mathematical solu­

tions which tend to reduce the precision of the method under 

certain conditions. These simplifications, such as those 

introduced mainly in the estimate of the punctual porewater 

pressure, the length of the arc of the base of the slice 

and the shear strength, are normally derived from generali­

zations made to expedite the hand solutions and are not con­

ceived to handle extreme cases. Programs designed for use on 

the larger computers should b.e sufficiently general to han­

dle all conceivable conditions, or otherwise specify the li­

mits of the method of analysis. 

More specifically for analysis in the Champlain 

Sea clays, a comprehensive slope stability analysis computer 

technique should take into account, as previously mentioned, 

the groundwater conditions inferred from actual piezometric ob­

servations or geological evidence, as represented by a flow 

net. The soil's shear behaviour is defined by the stress-

strength envelope representing the failure criteria for the 

material. 

All of the reviewed programs, except SLOPE, use one 
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of two methods to estimate the punctual porewater pressure 

acting on the base of a slice: an effective stress ratio (ru 

or B~) and a piezometric surface system. As previously dis­

cussed, the direct use of these methods can only evaluate the 

effect of uniform groundwater flow conditions. 

Non-uniform flows may be handled by the use of a 

mean piezometric surface or ru value as recommended by Bishop 

and Morgenstern (1960). This method allows only a gross ap­

proximation of the existing conditions since the piezometric 

distribution affects the position of the most critical fai­

lure surface and the true porewater pressures acting along 

the failure arc will inevitably differ from those assumed. 

Bishop and Morgenstern estimated a maximum error of about 

7% resulting from the use of a mean value. 

The combined use of different porewater pressure co­

efficients and/or different piezometric surfaces for various 

materials in an artificial stratigraphic distribution can 

give a more precise approximation of irregular groundwater 

flow conditions. This method divides the overall non-uniform 

porewater pressure distribution into spacial units of aver­

age uniform groundwater state, and approaches a hand finite 

technique. 

A hand interation method may also be used to eva­

luate non-uniform distributions. This technique calls 
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for successively determining the exact limiting conditions 

for a localized critical circle, and recalculating the new 

critical failure surface defined by the set of limits appli­

cable to the previously determined failure arc. The interat-

ive use of this method presumably localizes a series of cri­

tical failure circles more and more closely spaced until 

two surfaces coincide within limits. 

All of the above mentioned methods call upon data 

manipulations and transformations which are time consuming 

and require a considerable amount of engineering judgment 

and knowledge. They furthermore tend to deemphasize the true 

conditions existing at the site and may cause interpretation 

errors. 

The SLOPE program offers additional facilities to 

evaluate the effect of groundwater from an input grid dis­

tribution of porewater pressures. Though this method can 

deal directly with true subsurface water conditions and does 

away with most data transformation, the preparation of the 

porewater pressure grid still requires a considerable amount 

of time. 

A more efficient method of representing any 

groundwater flow type is given by the use of a flow net; 

this is the universal method used in representing porewater 

pressure distribution in slopes. In a computer analysis, 
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a flow net can be determined by a series of equipotential 

or equal pressure lines, and by a single piezometric or 

groundwater surface flow line. The equivalent water level 

measured by a piezometer situated anywhere on an equipo­

tential is given by the intersection of this equal pressure 

line and the piezometric surface. Porewater pressures can 

thus be directly evaluated by linear extrapolation between 

equipotential lines, and the piezometric surface determines 

the limits of the saturated zone. Since lines are used to 

define the flow net, the method of input is identical to the 

one used to define the slope and subsoil geometry, and prac­

tically no data manipulation is required to use flow nets 

inferred from piezometric observations. 

A similar discussion to the one above may be given 

for the representation of the effect of non-uniform soil 

shear strength. 

6.4 Factor of Safety Distribution 

The approximate lowest factor of safety value for 

a given set of conditions may usually be localized by running 

a trend analysis on the results obtained from a series of 

trial failure surfaces. This type of analysis can usually 

be incorporated in the computer program (search facility) 

or, more usually, is a visual scan of the factors of safety 

preferably presented on a grid format according to the coor-
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dinates of the failure circle centre and radius. Examples of 

factor of safety grid distributions, as given by the present 

Fortran version, are shown on figure 6.2. 

Idealy, a grid distribution of factors of safety 

shows a near exponential spatial distribution-similar to the 

models used to describe gravitional fields; the locus of 

such a distribution is occupied by the lowest factor of sa­

fety value. Such distributions are normally thought of being 

composed of a single locus, though in fact local "lows" may 

be observed due to non-uniformities in the geometry or para­

meter distribution: this is particularly noteworthy with 

multi-layered stratigraphies or irregular soil shear proper­

ties. Such distributions, though showing a general tendency 

toward a lowest value, are specled by secondary local low 

values. Because of the limited spacial extent of the influen­

ce of these local low values, the probability of encountering 

such values in an analysis is greatly increased with closely 

spaced failure circle centers. 

As previously mentioned, the use of c' = 0 in a 

slope stability analysis generates lowest factors of safety 

for extremely shallow failure circles which are presumed to 

be non-representative of the engineering behaviour of slopes. 

The resulting factor of safety grid distribution shows a 

linear trough of values on the in-slope side of the limit 

of the failure arc intersections with the slope surface which 
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tends to mask the more realistic low factors of safety in a 

trend analysis. 

Fredlund (19 74) proposes a mechanism to remove the 

extremely shallow failure surfaces generated by a cohesionless 

analysis by which all failure wedges not' having a minimum 

thickness are ignored by the computer program. The suggested 

technique does not resolve the influence of these shallow 

slices which may extend considerably beyond the immediate sur­

face area of the slope: any trend analysis on a uniform 

failure circle grid of this type will still indicate a lowest 

value at the allowed intersection limit of failure arcs and 

the slope boundary, unless a local low has a value less than 

the factor of safety at the intersection limit. 

Since the use of a computerized search procedure, 

or of any trend analysis method which cannot take into con­

sideration the overall factor of safety data set, may lead 

to erroneous results, a summary of results represented by a 

grid distribution of factors of safety is judged preferable 

to manualy evaluate the most critical safety factor value. 

6.5 Method of Analysis 

The program calculates the factors of safety accord­

ing to the Bishop method of analysis for a series of failure 

arcs passing through a specified slope geometry by the method 
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of slices. Ten slices are used per soil layer encountered by 

the failure arc below the soil surface. Since the method as­

sumes the failure surface to be approximated by a circular 

arc, the factor of safety is evaluated as the ratio of stabi­

lizing moments to the sum of all overturning moments. The re­

sisting moments are derived from the available shear strength 

mobilized along the assumed rupture surface; the factor of 

safety is then the coefficient by which the total shear 

strength must be reduced so that the analysed mass is in a 

state where counteracting moments are equal (limit equili­

brium) . 

In order to do a complete analysis, the program 

requires the following input: 

lo the slope surface and subsoil geometry describing 

the extent of the material within the slope, 

2o the geometry of piezometric surface 

3o the geometry of equipotential lines 

4o the unit weights and shear strength properties of 

the soil types of the slope, and 

5o the location of the circular failure surfaces to 

be analysed. 

Through the use of the various input facilities, 

the program will perform an analysis considering the following; 

lo total or effective stresses, 

2o linear (constant c' and cf>') or curved soil failure 

envelopes, 
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3o hydrostatic, uniform and non-uniform porewater 

pressure distribution, and 

4o submerged or partially submerged slopes. 

Both the International and Imperial system of units may be 

used to define a problem, by the use of the proper input fa­

cilities . 

6.6 Data Preparation 

The method for describing the problem to be analysed 

is similar to the technique used in the standard hand analy­

sis. The cross-section geometry representing the site is plot­

ted on a normal rectangular grid using a series of straight 

lines to approximate the slope surface and subsurface bounda­

ries between materials of different properties. The piezome­

tric surface, which includes free-water bodies, and the equi­

potential lines are plotted in an identical fashion. The lines 

defining the slope geometry describe the upper limit of soil 

types; air and water need not be considered as soils in the 

present program. 

No vertical lines (infinite slope) should be used to 

describe any of the geometry because they do not allow any 

solution of the general linear equation of the form: 

y = m • x ¥ b 

Vertical lines may be represented by near vertical lines; the 

slope of a line should never exceed 100. The extent of the 

geometry should also be long enough to cover all examined 
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The. end coordinates of each segment defining the 

geometry are established from an arbitrary origin and are 

used to describe the input geometry data. The use of nega­

tive values for the coordinates is proscribed. The whole 

geometry should be defined in a single quadrant; quadrant I 

and TV usually correspond to the data obtained from land 

surveying. Either right or left facing slopes may be descri­

bed. Figure 6.3 illustrates the description of a typical pro­

blem by the recommended method; the resulting numerical data 

is indicated as coordinates on the cross-section; since the 

program extrapolates between lines and points; the data den­

sity should be sufficient to account for all irregular va­

riations . 

If no piezometric surface is defined, the program 

will execute a total stress analysis. For total stress calcu­

lations in an effective stress analysis, the piezometric sur­

face defines the upper limit of the saturated zone; if the 

saturated-unsaturated limit does not correspond to the pie­

zometric surface, the use of an artificial soil layer having 

a moist unit weight equal to the true soil's saturated weight 

will allow for the correct solution. Freewater bodies, such 

as ponds or rivers, need only be defined by the piezometric 

lines above the soil surface; submergence and partial sub­

mergence are also described by the position of the piezome-



slope or soil boundary 

piezometric surface 

equipotential line 

(0,200) X and Y values of a 
point coordinate 

SOIL PROPERTIES 

SAND 

CLAY 

TILL 

YW 

110 

100 

110 

yw 

120 

100 

110 

c' 

0 

as de 

100 

*' 

35° 

scribed 

30° 

(0,200) (160,200) 
icT 

(0_,190_X 
"(0,180) 150,180 

170,190) 

197,165) 

210,154) 

Clay 
Mohr-Coulomb 
Envelope 

{226,140) 'n 

CUTQO) 
^(100,90) 

/ 
/ 

/ 
/ 

(250,120) 
(275,113) 

, ^.£290.110) 
I \ 
I 

& (1000.110) 

(330,100) 
(1000.100) 

/ 
/ 

(0.70) 
•(125,70) 

/ I 

.(200,70) 1(247.120) 
s (Looo^soj. 
(310,80) 

Figure 6.3 

TILL 

DESCRIPTION OF TYPICAL PROBLEM 

(100,70) 



124 

trie surface. Since only one groundwater surface can be defined, 

the effect of an isolated perched water table can only be 

approximated through the use of artificial soil types. 

The porewater pressure distribution is described 

by a series of equal pressure lines. The porewater pressure 

acting at the center of the base of a slice is determined by 

linear extrapolation between the two failure circle-equipo-

tential line intersections on each side of the slope; if only 

one equal pressure line is cut by the failure surface, or if 

the base of the slice is situated between an equipotential 

line and the piezometric surface, the program evaluates the 

porewater pressure by assuming an equipotential line passing 

through the center of the base of the slice and parallel to 

the first equal pressure line encountered. If no equipotentials 

are encountered by the failure circle below the piezometric 

surface, the program assumes hydrostatic conditions. Since no 

vertical lines may be used in defining any of the geometry, 

vertical equipotential lines may be represented by near ver­

tical lines in the flow net (see restrictions mentioned above). 

The present analysis contains no hydrodynamic considerations. 

The soil properties used in the analysis are the 

moist and saturated unit weights, as well as the effective 

normal stress-effective shear strength envelope approximated 

by a series of straight lines. The unit weights should be 

defined in pounds per cubic foot (Imperial system) or kilograms 
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per cubic meter (International system), The stress-strength 

relationship is defined by the coordinates of the points de­

fining the lines representing the envelope. The first point 

is given by the shear strength (T') value at an effective 

normal stress (an') of zero (cohesion or cohesive intercept). 

All the other points are defined by an'»T' combinations des­

cribing the end-coordinates of the segments and their range 

of applicability; the last line defined is assumed to have 

an infinite extent with increasing values. The use of a sin­

gle line to describe the soil's shear properties defines the 

standard constant cohesion (c') and the internal angle of 

friction (<(>) soil parameters used in classical geotechnical 

engineering. 

The circular failure surface is defined by the 

coordinates of the center of the circle and by the level to 

which the circle is tangent. Fissures and loads may be taken 

into account by the proper use of geometry and artificial soil 

types. 

The present suggested program and procedure can de­

fine and analyse most any set of conditions usually examined 

by the Bishop modified method of analysis. Its main advan­

tages lie in its flexibility in handling non-uniform porewa­

ter pressure distributions and soil shear strengths. 
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The program is composed of a series of steps which 

constitute the programming or mathematical procedures leading 

to the required problem solution. Though the two program ver­

sions differ slightly due to machine capacity, these steps 

approximately correspond to the subroutine flow in the Fortran 

and TI-59 versions. The basic program infrastructure is illus­

trated in Figure 6.4 by a schematic flowchart. The analytical 

geometry used to develop the mathematical solutions in each 

of the steps is described in detail in Appendix A. 

The construction of the program is essentially iden­

tical to the method used in the hand solution. The basic 

steps defining the program procedure are given below. 

lo The basic slope, subsoil, piezometric surface and equipo­

tential lines geometry is read into the program and stored 

as the coordinates of the end of linear segments. 

26 The circular failure surface is represented by the coor­

dinates of the center of the circle and by its bottom tan­

gent level which defines the radius of the circle. 

3o The slope-failure circle intersections are computed. If 

the failure circle does not intersect the slope, the pro-
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gram terminates and returns to step 2 to redefine a new 

failure surface. 

If the circle intersects the slope, the relative posi­

tion of the failure and equipotential surfaces is deter­

mined; if no piezometric lines are encountered by the 

failure arc, the program will execute a total stress ana­

lysis . 

If the piezometric surface is cut by the failure arc, the 

circle-equipotential lines intersections are computed, the 

first and last being defined by the circle-piezometric 

surface intersections. If no equipotentials are cut by the 

failure arc, the effective stress analysis will assume hy­

drostatic conditions. 

Intersections are computed from the roots of the quadratic 

equation which allows for the simultaneous solution of a 

circle and of a line. 

4o The intersected slope geometry is divided into 10 slices; 

the slice width and the coordinates of the center of the 

base of each slice are computed. 

5o. For each slice, the center of the slice-geometry intersec­

tions and the soil properties at these intersections, in­

cluding those at the base of the slice, are determined. 

6o For total stress analysis, the total unit stress acting 
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at the base of the slice is determined from the soil's 

moist unit weight along the total slice height. For ef­

fective stress analysis, the total unit stress at the ba­

se of the slope is estimated from the moist unit weight 

of the soil above the piezometric surface, and the satu­

rated unit weight below the piezometric line. The effect 

of free-water bodies is estimated by adding to the total 

unit stress the water's unit weight over the difference 

between the slope's surface and the piezometric line when 

the latter is above the slope. 

When the base of a slice is below the piezometric surface, 

porewater pressure is determined by linear extrapolation 

between the circle-equipotential intersections on each 

side of the center of the base of the slice. If no equal 

pressure lines are encountered below the piezometric sur­

face, hydrostatic conditions (vertical equipotentials) 

are assumed. 

7o The effective unit stress acting on the base of the slice 

is given by the total unit stress times cosine a (angle 

of the line passing through the center of the failure cir­

cle and the center of the base of the slice made with the 

vertical) less the unit porewater pressure. If the effec­

tive stress is less than zero, it is readjusted to zero. 

The effective shear strength is computed from the calcu­

lated effective unit stress and the shear strength proper-
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ties of the soil at the base of the slice. 

89 The parts of the Bishop equation for each slice are 

calculated and stored: 

- part 1 -*the effective shear strength X the length of 

the base of the slice, 

- part 2 -*the slope of the tangent to the stress-strength 

envelope at the determined effective stress 

(tan <j>') X the tangent a, 

- total shear stress -*• the effective unit stress X the 

slice width X sine a. 

The program returns to step 5 until all slice calculations 

are completed. 

90 The factor of safety is calculated by an interation proce­

dure using the equation reviewed in chapter 3: 

- an initial value for the factor of safety of 2.0 is assum­

ed, 

- a true factor of safety is computed by the sum of part 

1/(1 - (part 2 / assumed factor of safety)) for all the 

slices divided by the total shear stress; 

- if the computed factor of safety is not equal to 

within 0.005 of the assumed value, the computed value is 

used to recalculate a new safety factor which is retested. 

At the end of the factor of safety calculations the program 

returns to step 2 to redefine a new failure circle. 
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This general breakdown of the program gives an in­

dication of the procedures employed in developing the method 

of solution. These steps approximately correspond to the sub­

routine sequence used in the Fortran and TI-59 versions, though 

some differences exist between these programs because of va­

riations on the capacity of the machines utilized. A detailed 

breakdown of the use, facilities and limits of each version 

follows, and a complete listing of the programs is given in 

the corresponding appendices. 

6.8 The Fortran Version 

The Fortran version is a much more extensive and 

complete program as far as user facilities are concerned due 

to the relatively unlimited space offered by the IBM 360/365 

compared to the capacity of the Texas Instrument TI-59. In 

writing this version the main emphasis has been put on the 

normal user which is unfamiliar with programming: the pro­

gram contains numerous error checks and messages which 

enables the user to correct input mistakes, and to be in­

formed of unusual procedures or any abnormal functioning of 

the program. 

The computer program is written in Fortran IV langua­

ge, and it was developed for the University of Ottawa IBM 360/ 

365. Initial debugging was done on extended Watfiv which li­

mits the use of certain expressions. The Watfiv requirements 
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were preserved in this version to allow the use of this com­

piler whenever reprogramming is necessary. To prevent uneces-

sary recompilation of the program, normal runs were made by 

using an object deck compiled on Fortran-H which offers a 

more efficient interpretation than a G-level compilation. 

The program requires a storage area of 90K bites. Consisten­

cy of units requires that all data be in the Imperial (foot, 

pound) or the International (kilogram, meter, kilopascal) 

systems of units. 

Due to the iteration cut-off procedure used in 

the program, the precision of the listed results is within 

±0.01, which is considered adequate in view of the approxi­

mations used to establish the different controlling parameters. 

6.8.1 Procedures Characteristics 

The number of slices used for the factor of safety 

calculations depends on the intersected stratigraphy below 

the slope surface. The intersected geometry is divided into 

10 slices of equal width between pairs of failure arc-geome­

try lines intersections. The number of slices chosen is ar­

bitrary: ten slices per stratigraphic unit seems to offer a 

reasonable estimate of the conditions in uniform slopes as 

well as in intensely stratified deposits. The program con­

tains no facilities enabling the user to modify the number 

of slices used in the analysis, although this can easily be 

done by in-situ program modifications. 
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Shallow failure circles may often define more than 

one failure surface, especially on irregular slopes. When 

the failure circle defines more than one failure surface, 

the program informs the user and analyses each portion of 

the failure arc separately. 

The factor of safety evaluation procedure uses a 

directed iterative process by which the assumed factor of 

safety value is approximated by an analytical geometry pro­

cedure using two lines, one of which is determined by two 

groups of assumed to computed factor of safety values, and 

the other is defined by all the possible solutions for the 

factor of safety in the Bishop equation (the assumed value 

equal to the calculated value of the factor of safety); the 

intersection of these two lines approach a true solution. The 

iterative use of the above procedure enables a more efficient 

method of solution than the iterative process alone. 

6.8.2 Input and Controls 

Two types of controls are used to verify the input 

data sets in the Fortran version. A code name punched at the 

beginning of each data card defines the type of data on the 

card; the use of the wrong code, usually caused either by a 

punching error or the mixing of the card order, will cause 

a termination of the run using that data set. A "total" card 
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should also follow each data type set; this card contains the 

sum of the values in each card column and is mainly a check 

against the mispunching of data values. A column total which 

is not equal to the value punched on the total card will not 

cause a program interruption but will only inform the user 

of the error encountered. Other controls check the size and 

number of the variables as well as the extent of the geome­

try. A complete list of the messages associated with each 

control and their diagnostic is given in Appendix D. 

The input procedure for the Fortran version of the 

present program is summarized in Table 6.1; the input formats 

are indicated on this table in Fortran code. 

The data defining the problem is divided into five 

data sets: 

1- the slope surface and subsoil stratigraphy, coded 

"LINE", 

2- the piezometric surface, coded "PIEZ", 

3- the equipotential lines, coded "EQPT", 

4- the soil properties, coded "SOIL", and 

5- the failure circle definition cards, coded "CIRC". 

The input formats and sequence for each of these data units 

are herein explained. 

The first to be read in the data set is the TITLE 

card. Any sequence of alphanumerics up to 80 characters long 
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TABLE 6.1 STEPS IN DATA DEFINITION 

n.b. symbols in parantheses refer to 'Fortran field format code 

1. Title card (20A4) (1 card only) 

2. Field definition card (1 card only) 

a) NXS -»• no "LINE" cards (16) 
b) NPIEZ -r no "PIEZ" cards (15) 
c) NEQ -»- no "EQPT" cards (15) 
d) NSOL -»- no "SOIL" cards (15) 
e) DESC ->. BR or SI (2X, A2) 

Description of unit system used 

3. Slope surface and subsoil description (maximum 30 cards) 

a) 
b) 

c) 

d) 

e) 

f) 

"LINE" 
XI (i) 

Yl(i) 

X2(i) 

Y2(i) 

IS(i) 

- » • 

-*• 

H-

-r 

-r 

H> 

code (A4) 
X-coordinate of 
(F8.1) 
Y-coordinate of 
(F8.1) 
X-coordinate of 
(F8.1) 
Y-coordinate of 
(F8.1) 
Soil type below 

first point of segment i 

first point of segment i 

second point of segment i 

second point of segment i 

described segment (15) 

4. Total card (1 card only) 

a) "TOT" H-code (A4 in first 3 columns) 
b) Sum of above columns as previously defined 

format (A4, 4F8.1, 15) 

5. Piezometric surface description (maximum 10 cards) 

a) "PIEZ" -r code (A4) 

X and Y-coordinates of the two points 
defining each segments constituting the 
piezometric surface-format as in 3(4F8.1) 

6. Total card (1 card only) 

As described in 4, but for piezometric data-format as 
in 5, (A4, 4F8.1). 

b) XPZ1U) 
YPZl(i) 
XPZ2(i) 
YPZ2(i) 
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7. Equipotential Lines Description (maximum 30 cards) 

10 

a) 
b) 

c) 

"EQPT" 
XQl(i) 
YQl(i) 
XQ2(i) 
YQ2(i) 
ELQ(i) 

code (A4) 

X̂ and Y coordinates of the two points 
defining each segment constituting an 
equipotential-format as in 3 (4F8.1). 

Equipotential level as defined by the 
intersection of an equipotential line 
and the piezometric surface on a flow 
net (F8.1) 

8. Total card (1 card only) 

As described in 4, but for equipotential data-format 
in 7, (A4, 5F8.1). 

9. Soil Properties Description (maximum 10 cards) 

a) 
b) 

c) 
d) 
e) 

f) 

"SOIL" 
IST(i) 

WW(i) 
WS(i) 
Co(i) 

SIG(l,i) 
TAU(l,i) 
SIG(2,i) 
TAU(2,i) 
SIG(3,i) 
TAU(3,i) 
SIG(4,i) 
TAU(4,i) 
SIG(5,i) 
TAU(5,i) 

code (A4) 
soil type number on 1st card as defined 
on "LINE" card in 3 (12) 
wet or moist density of soil (F5.1) 
saturated density of soil (F5.1) 
cohesion intercept of shear strength pa­
rameters or effective shear strength (T') 
at an effective normal shear stress of 
zero (an'=0) as established from a Mohr-
Coulomb rupture envelope (F5.1) 

SIG Effective normal shear stress (an') 
TAU Effective shear strength (T') 

X and Y coordinates values used to des­
cribe the Mohr-Coulomb failure envelope 
defining the soil's shear behaviour. Up to 
five segments can be used to represent a 
curved envelope. 
For a single straight line representation 
(constant c' and cf>'), the slope of the 
line (tan<J)') can be represented by any 
single combination of an' vs t'and Co (10F5.1) 

Total card (1 card only) 

As described in 4, but for soil properties data-format 
as in 9, (A4, 12, 13F5.1) 
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TABLE 6.1 STEPS IN" DATA DEFINITION 

11. Failure Circle Grid Description (maximum 5 cards) 

->• code (A4) 

•*• X and Y-coordinates of lower left most 
point of grid of failure circle centers 
when problem defined in quadrant I (12 
to 3 o'clock) - otherwise point closest 
to origin of system (2F8.1). 

•> X and Y coordinates of lower right most 
point (quadrant I) of failure circle 
centers grid;point farthest from origin 
and closest to ordinate (X) (2F8.1). 

•*- X and Y-coordinates of upper left most 
point (quadrant I) of failure cicle 
centers grid; point farthest from ori­
gin and closest to abscissae (Y) (2F8.1) 

e) IN12(i)-* number of points along ordinates of 
failure circle centers grid (13) 

f) IN13(i)->- number of points along abscissae of 
failure circle centers grid (13) 

g) CL(i) -»• Level to which failure circles are tan­
gent - defines radius of circles (F8.1) 

12. Continuation card 

"NEXT" or To indicate if new data set follows or 
"LAST" not (A4). 

a) 
b) 

"CIRC" 
X1T 
Y1T 

c) X2T 
Y2T 

d) X3T 
Y3T 
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(corresponding to the 80 columns of a data card) may be used 

to label the problem. If no title is desired, a blank card 

should be inserted at the beginning of the data block. 

The second card of the data block is the FIELD 

DEFINITION card. This card defines the number of lines which 

describes the cross-section geometry (variable NXS, columns 

1 to 5), the piezometric surface (NPIEZ, columns 6 to 10), 

the equipotential lines (NEQ, columns 11 to 15) and number 

of soil types (NSOL, columns 16 to 20); a code is also used 

to indicate of the problem is defined in the Imperial system 

of units (BR) or in the International System (SI) in columns 

23 and 24. This definition of the system is required becau­

se of mass to weight tranformations necessary in the eva­

luation of the stresses in the International system of 

units. This transformation is not required in the Imperial 

system of unit. Because of the Fortran input formats for 

the above integers, the number should be punched to the 

right of the space reserved since empty columns to the 

right of a number are replaced by zeros by the computer 

(Example: a value of 2 in column 4 is read as 20 for the 

variable NXS). At least one slope surface line and one soil 

type are necessary to run an analysis. A maximum of 30 lines 

each may be used to describe the cross-sectional geometry and 

equipotential lines; similarly a 10 card limit is applicable 

to the piezometric surface and to the number of soil types 
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defined. If NXS or NSOL are less than one, or if the above 

mentioned limits are exceeded, the program will print out an 

error message and will stop the execution of the present pro­

blem to go to the next data set. Again the size attributed 

to each parameter matrix is arbitrary and may be easily modi­

fied through reprogramming of the dimension and IF statements. 

Following the description of the problem title and 

of the size of the parameters used in the analysis, the data 

set defines the coordinates and values describing the diffe­

rent data units of the problem. 

First the slope surface and subsoil geometry is in­

put on "LINE" cards. Each card defines the end coordinates 

of a single segment according to a XI, Yl, X2 and Y2 order. 

The first four columns of the data card are occupied by the 

code "LINE". The coordinates are then punched according to 

the above described scheme using a 4F8.1 format (XI, columns 

5 to 12; Yl, columns 13 to 20; X2, columns 21 to 28; Y2, co­

lumns 29 to 36). The last column in each space reserved for 

a coordinate is automatically a decimal value unless the use 

of a point in the reserved field defines otherwise. The last 

number punched on a "LINE" card is the number of the soil 

type below that line; this integer is punched in columns 

37 to 41 and any number between 1 and 10 may be used. A total 

card must follow the LINE cards; this card coded "TOT" in co­

lumns 1 to 3, sums by columns the data punched on the previous 
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The piezometric surface data is then deliniated 

in a similar fashion to the one described above. The code 

"PIEZ" in punched in columns 1 to 4; XI, Yl, X2 and Y2 

values are punched in columns 5 to 12, 13 to 20, 21 to 28 

and 29 to 36 respectively (4F8.1 format). A total card fol­

lows the data. 

The equipotential data is defined by the code 

"EQPT". The XI, Yl, X2 and Y2 coordinates of each segment 

are in columns 5 to 12, 13 to 20, 21 to 28 and 29 to 36 

respectively using a 4F8.1 format. The pressure level of 

this line, as indicated by the elevation of its intersection 

with the piezometric surface on the flow net, is then also 

input using a F8.1 format in columns 37 to 44. A total card 

must follow the "EQPT" cards. 

The soil properties are defined by one soil 

type per card. The code "SOIL" in punched in columns 1 to 

4 and the soil type number (integers 1 to 10) in columns 

5 and 6. The moist and saturated unit weights are input in 

columns 7 to 11 and 12 to 16 respectively using F5.1 formats. 

The cohesion or T'-intercept of the Mohr-Coulomb rupture en­

velope, as well as the an'-T' pairs of points (up to five 

allowed) defining the normal stress-shear strength relation­

ship are then punched in the next 65 columns also using a 
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F5.1 format CLast digit is a decimal unless otherwise speci­

fied by a point in the field). A total card must follow the 

"SOIL" cards. 

The failure circles to be analysed are defined by 

the intersections of a grid of circle center coordinates; all 

the circles defined by a grid are tangent to the same level 

since the soil stratigraphy which ususally tends to be sub-

horizontal, controls the position of the most critical fai­

lure circles. The circle center grid, of any parallelogram 

shape, is defined by the coordinates of the three corners 

closest to the origin of the coordinate system used, as well 

as by the numbers of increments between each pair of limiting 

coordinates. The first pair of coordinates describes the cor­

ner closest to the origin; the second and third pair of coor­

dinates describe the corners closest to the abscissa and the 

ordinate respectively. The code "CIRC" is puched on the 

first four columns of the card. The XI, Yl, X2, Y2, X3 and 

Y3 coordinates are punched in columns 5 to 12, 13 to 20, 

21 to 28, 29 to 36, 37 to 44 and 45 to 52 respectively (F8.1 

format). The number of increments between points 1 and 2, and 

between points 1 and 3 are punched as integers in columns 

53 to 55 and 56 to 58 respectively. The tangent level is in 

columns 59 to 66 with a F8.1 format. A maximum of five "CIRC" 

cards may be defined and no more than 15 increments will be 

used between coordinates. If more than five cards or 15 in­

crements are specified, these values are readjusted to the 
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maximum permitted. No total should follow "CIRC" cards. 

The last card in a data set indicates if another 

problem follows or if the present data set is the last. 

This is simply done by the codes "NEXT" or "LAST" in the 

first four columns of the last card of that data set. If 

a new data set is defined after the "NEXT" card, the new 

data set must start with the title card. 

6.8.3 Output 

The output consists in a listing of the geometry 

and soil properties as a further check of the input data. 

The results of the analysis are presented for all the analy­

sed failure surfaces; they are composed of a printout of the 

computed factor of safety, the coordinates and level of the 

circle, the total shear strength acting on the failure 

surface and the length of the failure arc. Slice data is al­

so printed out for the failure circle having the lowest fac­

tor of safety greater than zero- This data consists of the 

factor of safety, coordinates and level of the failure circle, 

numbers of slices in the analysis, the width of the slices 

and, for each slice, the length of the base, the coordinates 

of its center, the total unit stress and unit porewater pres­

sure acting on its base, the resulting effective shear 

strength and the slope of the tangent of the Mohr-Coulomb 

envelope at this effective shear strength. 
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A summary of all computed factors of safety is also 

presented as final data. The factors of safety are plotted 

on a grid according to the coordinates of the circle centers, 

one grid per circle tangent level. 

Example runs of problems are given in Appendix F. 

6.9 The TI-59 Version 

The use of the large computer facilities offers 

a flexible and comprehensive program capable of doing al­

most any analysis required. The major disadvantage in using 

these large systems lies in the time required for displace­

ments to the computing center and for the preparation of 

the data on cards. Time sharing line connected systems, such 

as WILBUR and APL, reduce these inconveniences though they 

represent additional rental costs and the available librai-

ries are very limited. 

Mini-computers, which have lately been introduced, 

probably offer the best solution for most consultant office 

requirements. Except for hand-held use, they offer most of 

the advantages of mini-calculators (portability and reason­

able use independant costs), and can ne as flexible and com­

prehensive as the large computers through the languages. 
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used CPL-1, BASIC, etc,) and the optional hardware which can 

be added to a system (printout, supplementary data banks, 

software reading systems, etc.). Since these machines have 

only lately started being commercialized, mini-computers are 

not yet standardized and are not as universally accepted as 

the mini-calculators. 

Programmable software using mini-calculators cradle 

the hopes of most engineering users in having an efficient 

computer tools .The advantage presented by their immediate 

availability, as illustrated by their portability, small 

size and low cost, in only clouded by the machine type lan­

guage used and their inflexible hardware dependance. Most 

mini-calculators can now be adapted to a small printout sys­

tem, but few yet offer the possibility of adding hardware 

to increase the memory size. The use of magnetic card soft­

ware, which is available with the better programmable ma­

chines, enables one to run more complex analyses by breaking 

down a program into smaller subunits, though this system 

does not increase the program's actual active memory space. 

The use of mini-calculators requires a different 

programming technique than normally used in working with 

Fortran, since the available program and data memories li­

mit considerably the complexity of the analysis method and 

the number of variables which may be analysed. On the other 
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hand, the use of these small machines presents no time sha­

ring or time of use dependant cost considerations. Time 

consuming repetitive methods can be utilized to replace the 

storage of control variables. This process is reversed with 

the larger computers since the memory is virtually of unli­

mited size and that programming optimization aims for a cer­

tain equilibrium between the program size and its running 

time. This results in the specialization of mini-calculators 

in doing either a simple sequence of calculations, or modera­

tely complex general computations such as statistical analy­

sis. 

Most commercial computer programs for mini-calcu­

lators are hardware defined, in that they use a permanent 

electronic circuit (pre-programmed calculators) or interchan­

geable modules to define the sequence of operators that will 

execute the analysis; such programming is permanent and can­

not usually be directly modified. Wiseman (1976) published 

a series of geotechnical software programs for a Texas Ins­

trument SR-52. The suggested slope stability analysis 

programs use either the Fellenius or Bishop method; they re­

quire as input the basic data for each of five slices into 

which the geometry intersected by a failure arc is divided 

(sin a, width, height and average total unit weight of each 

slice). The position of the water table and shear strength 

parameters are keyboard inputs as required by the calcula-
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tion procedure. This program is intended as a complement to 

the hand method of analysis since it requires the determina­

tion of the forces acting on each slice and only replaces 

the final factor of safety iterative calculation. It is there­

fore mostly useful to check a particular trial failure 

circle. 

The present suggested program is designed to do 

the entire analysis from basic geometry and soil properties 

data by the modified Bishop method using a total of 10 sli­

ces. The program is written for a Texas Instrument TI-59 

coupled to a PC-100A thermal printer, and uses its soft­

ware facilities to separate the procedure sequence into a 

series of magnetically recorded subprograms: the "CALL" 

function normally executed by the "MAIN" routine in Fortran 

is done manually on the mini-calculator. Because of the li­

mited program memory size, the version does not contain any 

error checks or messages, though its interactive use does 

allow for the localization and verification of the solution 

procedure. The program can only analyse a single set of para­

meters at a time; it can only presume to extend the hand a-

nalysis method and cannot, by any mean replace the more ex­

tensive Fortran program for the complex analysis where a 

series of failure surfaces, of geometries and of soil pro­

perties must be examined. 
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6.9.1 Program Limits 

The program divides the intersected geometry into 

10 slices. Two soil types may be defined in the geometry by 

the use of a subsoil interface. The controls for effective 

stress analysis are represented by a piezometric surface 

which intercepts four equipotential lines. The limits for 

the geometry layout are: 

- 7 points for the slope surface, 

- 4 points for the subsoil interface, 

- 5 points for the piezometric surface if it 

differs from the slope surface, and 

- 3 points each for any of the four equipotential 

lines. 

The failure circle is defined by its center coordinates and 

its radius. 

The soil properties are given by the moist and sa­

turated unit weights and by a maximum of three segments re­

presenting the stress-strength envelope (the T*- intercept 

and three pairs of limiting an'-T* values). 

Failure circles defining more than one failure 

surface should not be used since the program contains no fa­

cilities to handle such situations. 
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6.9.2 Program Construction 

The program is structured according to the basic 

procedure discussed in section 6.7. The procedure distribution 

in each subroutine of this version is described in Figure 

6.5. A detailed annotated listing of the TI-59 program is 

given in Appendix E. 

The program is divided into 5 main subprograms re­

corded on magnetic cards. 

The first card reads and stores the slope surface, 

the subsoil, the piezometric and the equipotential lines geo­

metries, as given by the coordinates of the end points of 

the linear segments approximating the slope cross-section. 

The program calls in by a printed message for the X and Y 

coordinates of the "SLOPE", "SOIL", "PIEZ", "EQPT 1", "EQPT 

2", "EQPT 3" and "EQPT 4" surfaces. At the end of this sub­

routine, the slope geometry data which is stored in the data 

banks is written on a magnetic card. The reading of this 

card re-initializes the slope geometry into the data memory 

banks for subsequent runs using the same basic geometry. 

The machine also calls for the second part of the program. 

Both the writing and reading procedures are called by mes­

sages . 
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The second subprogram reads in the failure circle 

data, and calculates the two intersections of the failure 

circle and the slope surface, the width of the slices and the 

intersections of the defined failure arc and the equipotential 

lines. The printing of the codes "1" and "2" at the end of 

the run calls for the third magnetic card to be read in. 

The third subprogram computes the coordinates of 

the center of the base of the slice, and the intersections 

of the center of the slice with the slope surface, the sub­

soil interface and the piezometric surface- The next sub­

program is called in by the previously mentioned codes. A 

subroutine of this subprogram on a separate magnetic card is 

called in, as required, to calculate equipotential ratios. 

The fourth subroutine calls in the moist and satu­

rated unit weights of the two soil types (codes WW and WS 1 

and 2), and computes the effective unit stress acting at 

the base of each slice, the total shear stress for the en­

tire mass above the failure surface, and the a angle and 

length of the base for each slice. The program then asks 

for the soil shear strength parameters and for the input 

of the last magnetic card. 

The fifth subroutine determines the effective 

shear strength at the base of each slice and sums the appro­

priate values to determine the factor of safety by the iter-
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ation of the Bishop equation. 

For subsequent analysis using the same basic slope 

geometry, the user need only read in the magnetic card re­

corded in step 1, and restart the analysis from step 2 by 

reading in the second part of the program. 

6.9.3 Method of Use 

The use of this program calls for a certain degree 

of interaction between the user and the calculator, since 

the flow of the program is controlled by the user and that 

the machine asks for the data as required. Because of this 

feature few controls are used in the program; the user may 

interrupt the execution of the program at any stage without 

disturbing the flow of the computations and may similarly 

obtain listings of the data in memory. The punching of a 

subroutine code name will redirect the program flow. It is 

highly recommended that the user have a working knowledge 

of the TI-59 before attempting to use the present program. 

The program requires a geometry layout and data 

preparation similar to that previously described in this 

chapter. The use of the program is very straight forward 

since the program will print out an indication of the type 

of information required. The procedure for using the program 
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is clearly described in Figure 6.6. Example runs are given 

in Appendix F. 

6.9.4 Output 

The only output printed directly by the program 

is the factor of safety. Supplementary output may be obtained 

by listing the data contained in the memory banks at the end 

of the different steps in the execution of the program: the 

significance of each variable stored in each register is 

indicated in the "register accounting" given at the end of 

each subprogram in the program listing in Appendix E. 

The two program versions presented in this study 

offer the basic tool required for most slope stability 

analyses in Champlain Sea clays. Both of these versions can 

handle equal pressure nets and non-uniform soil shear 

strengths; the basic program is sufficiently simple and 

documented so as to be adaptable to hand-held programmable 

mini-calculators. 
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Figure 6.6 - Summary of Procedure for the TI-59 Program 

1- Turn calculator on. 

2- Press "1", read in side 1 of card A. 

3- Press "2", read in side 2 of card A. 

4- Press "A" to start the program. 

5- Punch in data as asked by the program: X and Y-coordi-

tes of - the slope surface, 
- the subsoil interface, 
- the piezometric surface, and 

- the equipotential lines. 

note:a) For data end of file before saturation of the 

data memory, press: (or if no data) 

- "B", during the slope data, 
- "C", during the soil interface data, 
- "D", during the piezometric data, and 

- "E", during an equipotential line data. 

b) If the piezometric surface is the same as the 

slope surface, press "2nd B'" when the program 

calls for the piezometric surface coordinates. 

c) Press "2nd E'" if the end of the data set is 

before memory saturation. 

6- At the end of part A, the program demands to read in the 

data set on magnetic card: this is done by inserting the 

required card side and punching R/S. The same procedure 

is applicable to read in part B. 

7- For all the other parts of the program (B, C, D, E), the 

program is initiated by pressing "A"; the program will 

print out "1" and "2" to indicate to read the next part. 

The input is clearly asked by the machine, and the fac­

tor of safety is given at the end of part E. 

8- To restart the program at any subroutine, after the end 

of part E, press "-1" and "-2" to read in the data set 

previous to that routine and the routine itself. The pro­

gram can thus be reinitialized to do the same basic analys­

is but with different soil shear strength properties, u-

nit weights or failure circles, without requiring a com­

plete repunching of all the data. 
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RESULTS AND DISCUSSION OF RESULTS 

7.1 Presentation of Results 

The results of the Fortran computer run are indi­

cated on tables 7.1, 7.2 and 7.3. On each table is shown 

the lowest computed factor of safety for 30-, 50-, and 70-

foot high slopes respectively and for the various soil shear 

properties and groundwater flow conditions assumed in the 

analysis. The factors of safety are listed for Mohr-Coulomb 

envelopes with cohesion intercepts of zero and 1 psi C6-6 kPa) 

The results obtained using the straight line failure enve­

lopes and mean shear strength parameters, as used by Klug­

man and Chung (1976) in their parametric study, are also 

indicated. The geometry, groundwater and soil conditions 

used in the analysis have been previously adequately des­

cribed in Chapter V. The relative position of the failure 

surface to the toe of the slope is also indicated in the 

tables by the arrows for each factor of safety. 

For the 50 foot slope, two factor of safety values 

are indicated for each data set using the cohesionless soil 

properties. The lowest of these two values corresponds to 

an extremely shallow failure surface. These shallow failure 
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TABLE 7.1 SOIL FAILURE ENVELOPE - 30-POOT SLOPE 

FLOW CONDITION 

HYDROSTATIC 

PARALLEL to 
SLOPE FLOW 

INFINITE 
UNIFORM 
SOIL 

UNCONFINED 
AQUIFER 
at TOE of 
SLOPE 

CONFINED 
AQUIFER BELOW 
SLOPE TOE 

LEGEND SITES 

Soil 
Type 

BB 

SN 

C 

BB 

SN 

C 

BB 

SN 

C 

BB 

SN 

C 

BB 

SN 

C 

c':0 

s+0.58 

s+o.44 

s+0.36 

s+0.58 

s+0.45 

s+0.36 

s+0.8 3 

s+0.64 

s+O.51 

s+0.13 

s+0.10 

s+0.08 

TRUE 
-C:l psi 

• 1.18 

+0.92 

+0.75 

+1.63 

+1.27 

-1.06 

+1.53 

+1.22 

•1.01 

+1.50 

4-1.17 

+0.95 

-0.41 

+0.32 

+0.28 

LINEARLY 
APPROXIMATED 

+ 1.07 

+0.85 

+0.63 

+1.45 

+1.12 

+0.91 

+ 1.36 

+ 1.07 

•0.82 

+1.37 

+1.04 

+0.81 

+0.69 

+0.40 

+0.12 

C' 

POSITION OF FAILURE 

» 330 
= 200 pcf 

+0.96 

+ 1.22 

+1.20 

-1.19 
+1.15 

+0.62 

SURFACE 

BB - Bearbrook 

SN - South Nation 

C - Castor River 

+ above toe 

+ at toe 

+ below toe 

s shallow failure surface 
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TABLE 7.2 SOIL FAILURE ENVELOPE - 50-FOOT SLOPE 

FLOW CONDITION 

HYDROSTATIC 

PARALLEL to 
SLOPE FLOW 

INFINITE 
UNIFORM 
SOIL 

UNCONFINED 
AQUIFER at 
TOE of 
SLOPE 

CONFINED 
AQUIFER BELOW 
SLOPE TOE 

LEGEND SITES 

BB - Bearbrook 
SN - South Nation 
C - Castor River 

Soil 
Type 

BB 

SN 

C 

BB 

SN 

C 

BB 

SN 

C 

BB 

SN 

C 

BB 

SN 

C 

TR 
c'=0 

+ 1.26 
s+1.14 

+ 1.00 
s+0.86 

+ 0.85 
s+0.76 

+ 1.40 
s+1.25 

+ 1.11 
s+0.95 

+ 0.92 
s+0.76 

+ 1.44 
s+1.32 

+ 1.14 
s+1.01 

+0.94 
s+0.81 

+1.47 
+ 1.29 
s+1.25 

+1.14 
+1.02 
s+0.96 

+0.96 
+0.89 
s+0.76 

UE 
c'=l psi 

+ 1.27 

+ 1.02 

+ 0.86 

+ 1.44 

+ 1.15 

+ 0.94 

+ 1.49 

+ 1.19 

+ 0.96 

+1.49 
+1.33 

+1.15 
+1.07 

+1.01 
+0.92 

+0.28 

+0.22 

+0.20 

LINEARLY 
APPROXIMATED 

+ 1.09 

+ 0.89 

+0.77 

+ 1.27 

+ 1.03 

+ 0.94 

+ 1.30 

+1.04 

+0.93 

+1.27 
+ 1.19 

+1.01 
+0.96 

+0.88 
+0.87 

0.49 

0.27 

0.08 

c 

POSITION OF FAILURE 

+ 

s 

above toe 
at toe 
below toe 
shallow failure 

*- 33° 
'= 200 pcf 

+ 1.01 

+ 1.13 

+ 1.10 

+1.18 
+1.10 

0.41 

SURFACE 

surface 
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TABLE 7.3 SOIL FAILURE ENVELOPE r 7Q-F00T SLOPE 

FLOW CONDITION 

HYDROSTATIC 

PARALLEL to 
SLOPE FLOW 

INFINITE 
UNIFORM 
SOIL 

UNCONFINED 
AQUIFER at 
TOE of 
SLOPE 

CONFINED 
AQUIFER BELOW 
SLOPE TOE 

LEGEND 

Soil 
Type 

BB 

SN 

C 

BB 

SN 

C 

BB 

SN 

C 

BB 

SN 

C 

BB 

SN 

C 

BB - Bear Brook 
SN - South Nation 
C - Castor 

TR 
c'=0 

+ 1.22 

+ 0.93 

+ 0.73 

+ 1.34 

+ 1.07 

+ 0.78 

+ 1.27 

+ 1.00 

+ 0.77 

+ 1.32 

+ 1.06 

+ 0.78 

Ufc 
c' =1 psi 

+ 1.22 

+ 0.97 

+ 0.74 

+ 1.34 

+ 1.07 

+ 0.79 

+ 1.30 

+ 1.05 

+ 0.80 

+1.53 
+ 1.33 

+1.21 
+ 1.07 

+0.96 
+ 0.79 

+0.21 

+0.18 

+0.16 

LINEARLY 
APPROXIMATED 

+ 1.12 

+0.94 

+0.87 

+ 1.29 

+1.08 

+1.03 

+ 1.22 

+0.99 

+0.83 

+1.22 

+1.09 

+1.01 

+0.39 

+0.23 

+0.07 

POSITION 

+ above 
* at toe 
+ below 

OF 

toe 

toe 

•• =33° 
C = 200 pcf 

+ 1.03 

+1.16 

+ 1.07 

+1.20 
+ 1.15 

+0.31 

FAILURE SURFACE 
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surfaces, indicated by the symbol s, are also shown in the 

table of the 30-foot slope. 

Two factor of safety values are also shown for 

the unconfined aquifer draining the toe of the slope condi­

tion, when the lowest factor of safety is given by a failure 

surface located below the toe of the slope. These lower va­

lues may be used to evaluate the stability of a slope where 

a drained permeable horizon, located below the base of a 

slope, defines an unconfined aquifer condition (no artesian 

pressures). The higher values are more representative of 

the case where the stiff aquifer at the base of the slope 

only allows for failure surfaces at or above the toe of 

the slope. 

The following is a brief discussion and comparati­

ve analysis of each set of results. 

7.2 General Discussion of Results 

The right-most column in the tables contains the 

factors of safety obtained using the average soil parameters 

suggested by Klugman and Chung (1976) in their parametric 

study. These values are very close to unity for the hydro­

static case which was assumed to be the worse possible con­

ditions in their analysis. Higher factors of safety were 
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obtained for conditions representing a flow parallel to the 

slope-, an infinite clay layer and a permeable horizon at 

the toe of the slope; these higher values indicate, as ex­

pected, a greater stabilizing effect of the downward flow 

component. Much lower values, well below unity, were gene­

rated by the confined aquifer condition which is represen­

ted by a permeable layer below the base of the slope. Such 

a case entails a large upward flow component which, at li­

miting conditions, tends to reduce the effective normal 

stress to zero, this results is an analysis with conditions 

close to a frictionless analysis. 

The individual shear strength envelopes, repre­

sentative of the soil properties observed at the three lo­

cations used as examples, give a range of factors of safety 

indicative of the differences in soil shear strength which 

may be expected in the Ottawa area. This difference in fac­

tors of safety caused by the variations in soil properties 

is noticeably greater for cases where the soil is assumed 

to experience higher effective normal stresses. 

Since this study is not concerned with the corre­

lation of slope gradients and slope heights, the chosen com­

bination of these factors is designed to generate approxi­

mately the same factor of safety for a given set of soil 

and porewater pressure conditions at different slope geo-
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7.3 Slope Geometry 

Table 7.4 shows the calculated mean and standard 

deviation of the factors of safety for the different sets 

of conditions using the c' = 1 psi (6.6 kPa) true and linearly 

approximated failure envelopes as listed in the previous 

tables. 

If a higher slope is more sensitive to variations 

in the groundwater state or in the soil shear properties 

than is a lower slope, the scatter of factor of safety va­

lues would presumably increase with an increase in slope 

height for the range of extreme conditions analysed. Basi­

cally, the standard deviation established for each slope 

geometry indicates a similar scatter of the factors of sa­

fety for the three different slope heights. This homoge­

neous scatter of safety coefficients from one slope geome­

try to another demonstrates that a higher slope does not 

require a more precise evaluation of the subsurface water 

flow conditions, or of the soil shear strength behaviour, 

than does a lower slope. Minor variations of these parame­

ters would not entail a greater change in the stability of 

a higher slope than it would in a moderately low slope. 
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MEAN 

0.96 

0.93 

0.90 

0.95 

1.16 

1.12 

1.15 

0.28 

STANDARD 
DEVIATION 

0.39 

0.39 

0.40 

0.18 

0.22 

0.22 

0.22 

0.16 

TABTF 7 4 CALCULATED MEANS AND STANDARD DEVIATIONS 
OF FACTORS OF SAFETY 

Combined true and approximated envelopes 

30 foot slope 

50 foot slope 

70 foot slope 

Hydrostatic 

Parallel 

Infinite 

Unconfined Aquifer 

Confined Aquifer 

Separate true and approximated envelopes 

30 foot slope, true 

approximated 

50 foot slope, true 

approximated 

70 foot slope, true 

approximated 

Combined geometry and groundwater conditions 

True failure envelope (c'zl psi) 

Bearbrook (BB) 

South Nation (SN) 

Castor River (C) 

Linearly approximated failure envelope 

Bearbrook (BB) 

South Nation (SN) 

Castor River (C) 

1.01 

0.91 

0.98 

0.88 

0.90 

0.89 

0.42 

0.36 

0.43 

0.36 

0.43 

0.37 

1.19 

0.94 

0.77 

1.11 

0.87 

0.71 

0.48 

0.38 

0.30 

0.32 

0.31 

0.34 
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On the other hand, the mean factor of safety value 

decreases with an increase in slope height for all of the 

analysed conditions. The slope geometries were all designed 

to yield approximately the same factor of safety under the 

assumed typical hydrostatic porewater pressure distribution. 

The lower mean factor of safety for the higher slopes is 

thus indicative of the greater stabilizing effect on the 

lower slopes of the extreme limiting conditions assumed by 

the strong upward and downward flows. The effect of the po­

rewater pressure distribution on the stability of a slope 

may then be considered non-uniform with variations in slope 

height. 

7.4 Porewater Pressure Influence 

Figures 7.1, 7.2 and 7.3 show plots of the factors 

of safety for the true failure envelope with a 1 psi (6.6 kPa) 

cohesion intercept against the different groundwater flow 

types. The position of the flow types along the ordinate has 

been adjusted in order to obtain a straight line distribution 

for the 30-foot slope. 

Similar factor of safety values were obtained for 

the same soil properties with the different slope geometries 

influenced by the hydrostatic and the drained aquifer at toe 

conditions. The factors of safety for the remaining three 



Confined Aquifer 

30-Foot Slope. 

Note: factors of safety 
from true failure 
envelope with 
c'rl p .s.i. 

Hydrostatic 

Unconfined Aquifer 

Infinite Clay 

Parallel Flow 

—r r I 
oo 

1^ 

rH O O 

FACTORS OF SAFETY 

T 

Figure 7.1 FACTOR OF SAFETY vs GPOUNDWATER CONDITIONS 
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Confined Aquifer 

50-Foot Slope 

N.B. fact 
true 
with 

Unconfined Aquifer 

Infinite Clay 

• Parallel Flow 

o vO 
I 

n+ oo 

o o o 

FACTORS OF SAFETY 

o 

Figure 7.2 FACTOR OF SAFETY vs GROUNDWATER CONDITIONS 
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Confined Aquifer 

70-Foot Slope. 

N.B factors of safety from 
true failure envelope 
with 

Hydrostatic 

Unconfined Aquifer 

— — Infinite Clay 

Parallel Flow 

o oo 
T -r r 

H O O 

FACTORS OF SAFETY 

(VI 

O 

Figure 7.3 FACTOR OF SAFETY vs GROUNDWATER CONDITIONS 
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flow types generally decrease with an increase in slope 

height. 

In order of increasing stability for the 30-foot 

slope, the groundwater conditions are classified as follows: 

1- confined aquifer, 

2- hydrostatic, 

3- aquifer at toe, 

4- uniform soil to infinite depth, and 

5- parallel to slope flow. 

When the factor of safety data for the 50- and 70-foot slo­

pes is plotted to the same graphical scale as the 30-foot 

slope data, the above mentioned stability order of pore­

water pressure distributions is partially inverted for the 

most stable conditions. For the 50-foot slope, the parallel 

to slope flow has a slightly lower safety factor than both 

the infinite and the aquifer at toe cases. For the 70-foot 

slope, both the parallel flow and the uniform soil cases 

show lower values than the aquifer at toe condition; these 

values are close to the factor of safety resulting from 

the hydrostatic porewater pressure distribution. The uni­

form soil case entails a weaker state than the parallel 

flow for high slopes. 

An attempt to explain the inversion of the sta­

bility effect of the downward flows with increasing slope 
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height may be given by the non-proportional increase of 

the available sheaT strength along a potential failure 

surface which accompanies an increase in the overturning 

moment of the sliding body. The available shear strength 

is conditioned by the porewater pressure distribution a-

long the rupture surface; the overturning moment is rela­

ted to the slope height which controls the position of the 

failure surface and the mass of the sliding body (total 

stress). 

In a uniform clay slope, there is a downward 

flow at the crest of the slope; near its base there is a 

groundwater flow direction transition zone where the con­

ditions vary from hydrostatic to an upward flow at the 

toe. This transition zone carries high porewater pressu­

res and any increase in the slope height will raise the 

position of this potentially weak area. This results in a 

different rate of increase for the effective stress than 

for the total stress when the potential sliding surface, 

on which these stresses act, is extended through an in­

crease in the height of the slope. The relationship bet­

ween the two different rates of increase for the effecti­

ve and total stresses, as well as the resulting stabili­

zing and overturning moments relationship, are illustrated 

in Figures 7.4 a and b. Thus, for the groundwater flow con-
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a) 

oo 
to 
to 
PS 
£-• 
CO 

SLOPE HEIGHT 

b) 
E -

o 
2 

F.S.M.O F.S.<1.0 

SLOPE HEIGHT 

Figure 7.4 SCHEMATIC REPRESENTATION OF THE 
DIFFERENT RATES OF INCREASE FOR 
a) EFFECTIVE vs TOTAL STRESSES 

AND 
b) STABILIZING vs OVERTURNING 

MOMENTS 
WITH A SLOPE HEIGHT INCREASE 
FOR A UNIFORM SOIL SLOPE. 



169 
ditions typical of a uniform clay slope, any increase in 

the total shear strength due to a slope height increase 

will be accompanied by a much greater increase in the to­

tal weight of the sliding mass. For the parallel to slope 

flow, the overall decrease in available shear strength 

with an increase in total stress is similar to the previous­

ly described condition, except that the more uniform porewa­

ter pressure distribution will yield a more gradual effect 

which is less critical at higher slopes. 

The behaviour of a slope with a drained aquifer 

at the toe is similar to that of the parallel to slope sur­

face flow condition except that below toe circles cannot be 

generated due to the presence of the aquifer horizon which 

is assumed to have a higher shear strength than the over­

lying clayey material in the present analysis. If the per­

meable horizon shows weaker shear properties similar to 

those of the overlying clay, or if the unconfined aquifer 

is located below the base of the slope, failure surfaces 

can extend below the toe of the slope. The factor of safe­

ty for such failure arcs would be close to or slightly low­

er than the values obtained for the parallel to slope sur­

face flow case due to the higher hydrostatic porewater pres­

sure assumed to exist in a saturated unconfined aquifer. 
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7.5 Effect of Soil Shear Properties 

7.5.1 Cohesion 

The present analysis allows a comparison between 

the use of c'=0 and a low cohesion value of c'« 1 psi (6.6 kPa) 

for the same shear strength envelope. The results obtained 

from these two sets of values were shown on tables 7.1 

through 7.3 inclusively. 

All the 30-foot high slopes analysed with the zero 

x'-intercept generated shallow failure circles with very low 

factors of safety. The trend in the factor of safety grid 

distribution is fairly uniform and the only observed distri­

bution locus is at the intersection limit between failure 

arcs and the slope surface. An example of this type of dis­

tribution is shown in Figure 7.5. The factor of safety dis­

tribution for the 50-foot slope shows two loci, the lowest 

of which is at the intersection limit, and the other, of 

slightly higher value is farther in the slope (Figure 7.6). 

Shallow failure circles were not examined for the 70-foot 

slope. Because a c'=0 condition generates a zero shear 

strength at an'=0, factors of safety for the confined aqui­

fer case were not calculated since these tended toward 

a zero value. 
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1.49 

1.45 

1.40 

1.36 

1.31 

1.27 

1.25 

1.22 

1.22 

1.40 

1.37 

1.33 

1.29 

1.26 

1.19 

1.16 

1.21 

1.28 

1.35 1.34 

1.02 OUT 

1.02 

0.62 

OUT 
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OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

Figure 7.5 FACTOR OF SAFETY GRID DISTRIBUTION 

30 FOOT SLOPE c' = 0 

(locus located at the intersection limit) 
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1.46 

1.42 

1.38 

1.33 

1.30 

1.26 

1.37 1.30 

1.26 

1.24 

1.17 \1.12 

1.24 f 1.13 A 1.17 >\\0.76 

1.21 1.15 1.19 OUT 

1.05 

1.04 
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OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

OUT 

1.20 1.20 1.14 OUT OUT OUT 

Figure 7.6 FACTOR OF SAFETY GRID DISTRIBUTION 

50 FOOT SLOPE c' = 0 

(two loci: one in-slope and the 
other at the intersection limit). 

file:///1.12
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Generally, for both the 30- and 50- foot slope, 

the factors of safety obtained using a cohesion intercept 

of 1 psi (6.6 kPa) are considerably higher and more coherent 

than those obtained with the c'=0 analysis. The c*=l psi (6.6 

kPa) analysis results are in approximately the same range of 

values as those obtained from the use of the linearly appro­

ximated envelopes and of the fixed shear parameters assumed 

by Klugman and Chung in their study. Though these failure 

surfaces may still be qualified as shallow, they are located 

will within the slope and are surrounded by failure arcs 

having higher factors of safety. 

The 50-foot slope allows an excellent comparison 

of the results obtained using the different assumed cohe­

sions, since the double loci distributions obtained with 

the c'=0 condition yields different values for both the 

shallow and the in-slope minimum factors of safety. The in-

slope factors of safety are severally lower than the 1 psi 

(6.6 kPa) cohesion analysis by a value less than 0.05, with a 

mean difference of about 0.02 to 0.03. Such differences can 

be considered as negligible in a slope stability investiga­

tion, in view of the approximations usually required and 

the precision of the factor of safety which is generally 

expressed to one decimal only, and may be attributed to 

the lower shear strength generated by the c'= 0 analysis 
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in the very low effective normal stress range. 

This study indicates that very low cohesion values 

may be used to remove the extremely shallow fictitious fai­

lure circles generated by a c'rO parameter in a slope sta­

bility analysis without seriously affecting the factor of 

safety. The use of a low cohesion intercept may also repro­

duce the stabilizing, effect of an upper shallow weathered 

profile, as previously discussed in chapter V. 

7.5.2 True and Approximated Failure Envelopes 

The lowest factors of safety obtained using the 

true soil failure envelope with a 1 psi (6.6 kPa) cohesion and 

the linearly approximated failure envelope were indicated 

in tables 7.1 to 7.3 inclusively. The computed mean and 

standard deviation for these values were shown in table 

7.4. 

Generally the linearly approximated shear strength 

envelope has lower factors of safety than the true curved 

Mohr-Coulomb envelope. This difference in factors of safety 

is greater for the higher strength soils under conditions of 

low porewater pressure and are presumably caused by va­

riations in shear strength entailed by the different posi­

tions of the two envelopes at a given effective normal 
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stress. For the present soil types, these differences in 

position reach, a maximum at the high+low and lower-inter­

mediate stress range, and are more pronounced for highly 

curved envelopes such as those presented by the greater 

shear resistant Champlain Sea clay (Bearbrook). 

The higher porewater pressure conditions generate 

lower effective normal stresses, reducing the difference 

between the two curves. Under extremely low effective stres­

ses, the influence on the frictional component is greatly 

reduced, the shear strength being mostly generated by the 

cohesion component of the soil's resistance. This is illus­

trated in Tables 7.1 to 7.3 by the factor of safety values 

obtained for the confined aquifer case. For this condition, 

the linearly approximated envelopes of the two more resis­

tant soils show higher factors of safety than the true en­

velope because their cohesion intercept is greater; for 

the weaker soil, the cohesion of the approximated envelope 

is weaker than the cohesion assumed for the true envelope; 

and the factors are proportional to the assumed x'-inter­

cept value. 

Standard deviations of the values obtained from 

the true failure envelopes are generally slightly higher 

than those of the approximated envelopes due to a less 
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uniform shear strength distribution generated by a curved 

strength-normal stress relationship. 

The difference in factors of safety between the 

approximated and true failure envelopes has a maximum va­

lue of approximately 0.21 for the examined conditions, 

with an average difference of about 0.16. This amount of 

variation in the factor of safety may be considered as ac­

ceptable for standard geotechnical slope investigations 

where high factors of safety, in the order of 1.5 or grea­

ter are sought. A linear approximation of the Mohr-Coulomb 

envelope may be less applicable to strongly curved failure 

envelopes in the intermediate porewater pressure range sin­

ce an appreciable difference in shear strength may be in­

troduced by the approximation. For a more critical evalua­

tion, or for strongly curved failure envelopes, it is re­

commended that the true curved envelope be used instead 

of a straight line fitted to the Mohr-Coulomb envelope. 

The amount of variation in factor of safety va­

lues between the different soil types within the same pore­

water and geometry conditions reaches 0.6 and averages at 

about 0.40 for both the true and approximated envelopes. 

This high value indicates that variations in soil shear 

strength properties are too great to use-as a single set of 

shear parameters and groundwater conditions to represent 
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slope behaviour in the Ottawa area. Past studies CToombs, 

1974) have suggested that the shear behaviour of a clayey 

soil may be adequately evaluated from in situ vane tests 

for the precision normally required in most routine geotech­

nical investigations. 

7.6 Comments 

The present study indicated that, though slopes 

of different heights showed approximately similar beha­

viours at hydrostatic conditions, the effect of varying 

the groundwater flow type for different combinations of 

slope height and gradient is not uniform. 

Higher slopes have a more uniform behaviour un­

der hydrostatic and downward flow conditions than the low­

er slopes which show a greater variation in the factors of 

safety between these different types of porewater pressure 

distributions. If hydrostatic conditions or a downward 

flow gradient are assumed for high slopes, the precise e-

valuation of the flow regime is less critical since these 

flow types have a more uniform effect than in low slopes 

where they are related to much stronger variations in fac­

tors of safety. 
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The stabilizing effect of a downward groundwater 

flow regime is not only less pronounced in higher slopes, 

but may in fact be reversed in very high slopes. A change 

in groundwater flow condition which increases the stability 

of a low slope may decrease the computed factor of safety for 

a much higher slope. This is an important consideration in 

the stabilization of high slopes where an increase in the 

downward component of the groundwater flow direction may not 

necessarily increase the overall stability, depending on the 

previously existing flow regime. 

The above considerations results in a lower aver­

age factor of safety for higher slopes, indicating that high 

factors of safety may best be obtained by the use of an a-

dequate slope gradient in high slopes. Since variations in 

the flow regime have more effect on low slopes, modifica­

tions to the porewater pressure distribution may be suffi­

cient to attain the degree of stability required on low 

slopes. 

Though the present study gives indications on in­

itial slope failures, it does not take into consideration 

the cumulative effect of slope height on the stability, as 

translated by the susceptibility of high slopes to retro­

gressive sliding. The part of the study dealing with various 
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soil properties suggests that retrogressive sliding may be 

related to the removal of part of the superficial fissured 

horizon and the soil's cohesionless behaviour under this 

capping. On a low slope, an initial slope rupture will 

cause the accumulation of a certain quantity of debris at 

the base of the slope which will have a stabilizing effect 

due to the redistribution of effective stresses onto the 

most unstable part of the slope. On higher slopes, the sta­

bilizing effect of the debris is more localized and the re­

moval of material at the higher levels may allow the effec­

tive normal stresses to be reduced to a negligible value at 

the levels where very high porewater pressures may be act­

ing depending on the flow regime. The extent of a retro­

gressive slide is then controlled by the modification of 

the slope geometry caused by the successive accumulation of 

debris, and by the changes in the groundwater flow regime 

in response to the new geometry and surface stratigraphy. 

The confined aquifer conditions presented in this 

study is at the extreme limit of feasibility since negati­

ve effective normal stresses are generated in the soil mass 

(porewater pressure greater than the soil weight). Such stres­

ses are impossible and are readjusted to zero by the program. 

A finely adjusted flow net would, at the limit of the high­

est possible porewater pressures, generate zero effective 
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normal stresses which would result in a frictionless ana­

lysis (deepest possible failure circles). Since deep fai­

lure surfaces are seldom observed in slope ruptures in the 

Ottawa area, it may be assumed that extreme upward flow 

conditions are not common, and that at worst an intermedi­

ate condition between the confined aquifer and hydrostatic 

case may exist in a slope. 
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CHAPTER 8 

CONCLUSIONS 

8.1 General 

This chapter presents a brief review of the study 

and its major conclusions. Suggestions for further investi­

gations are also discussed. 

8.2 Summary of Study 

The stability of three slopes of fixed height and 

surface geometry has been investigated for various soil 

shear properties and groundwater flow conditions. The heights 

were chosen to correspond to typical slopes of the Ottawa 

area; the slope gradients were determined from the litera­

ture for a factor of safety of approximately one. Actual 

soil properties, as well as shear strength parameters assumed 

in past studies, have been examined. Five possible ground­

water conditions which could exist in a slope have been 

discussed and used in the analysis. 

Since the parameters used in this study cannot be 
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directly handled by any known computerized analysis method, 

a computer program has been written for the analysis. This 

program is based on the Bishop modified expression and can 

handle both actual flow nets and curved Mohr-Coulomb en­

velopes. A comprehensive documentation has been prepared 

for the program. In view of the facilities normally avai­

lable to a user, two versions are offered. The main version 

is written foT the University of Ottawa IBM 360/365 and of­

fers extensive user facilities. A more limited version, 

written for a Texas Instrument TI-59 programmable mini-

calculator, is also presented. 

The results and main points concluded from this 

study have been discussed in Chapter 7 and are hereafter 

summarized. 

8.3 Major Conclusions 

The following is a summary of the major conclu­

sions resulting from the present study. 

1. No single set of shear strength parameters may adequa­

tely describe the Ottawa area Champlain Sea clays for 

a slope stability investigation. 
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2. For general slope investigations with a soil showing 

a weakly curved failure envelope, a linearly approxi­

mated envelope established from either laboratory or 

field testing may adequately describe the soil's 

strength behaviour. 

3. For precise slope stability analyses with a soil having 

a strongly curved Mohr-Coulomb envelope, the use of the 

curved envelope, or of a linearly approximated envelope 

established in consideration of the type of porewater 

pressure distribution inferred, is required to obtain 

realistic results. 

4. With the conditions normally assumed in a slope stabi­

lity analysis, a cohesionless soil generates failure 

surfaces incompatible with those observed in the field. 

The use of a low cohesion intercept value, approxima­

tely equal to the shear strength generated by an ef­

fective normal stress of a few feet of submerged soil, 

allows for a more correct analysis. 

5. The computer program used for the present parametric 

study was designed to handle the conditions measured 

by field observations. Its hability to handle equipoten­

tial nets and curved Mohr-Coulomb envelopes, to des-
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cribe the groundwater flow conditions and the soil's 

shear behaviour, is a valuable tool in determining the 

stability of slopes where the stability parameters are 

too complex to be properly considered by the classical 

assumptions used in geotechnical engineering. The pro­

gram is sufficiently general to be used whenever the 

Bishop method of analysis is applicable, and its docu­

mentation is sufficient to allow its use by untrained 

personnel. The Fortran version may be used to handle 

large quantities of data, such as in the present para­

metric study, while the mini-calculator version offers 

more limited capacities in a portable package. 

6. The use of hydrostatic conditions to describe the 

worst porewater pressure distribution in a slope may 

not be representative of the typical state that may 

exist at most sites in the Ottawa area. 

7. The porewater pressure distribution generating the 

worst possible conditions for slope stability corresp­

onds to a confined aquifer below the base of the slope. 

The extreme of this case entails zero effective normal 

stresses and results in a near frictionless analysis. 

8. The groundwater conditions resulting in the highest 

slope stability is determined by a rigid unconfined 
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aquifer at slope toe level. If the aquifer has shear 

properties similar to that of the overlying Tnaterial, 

as when toe drains are used to reproduce this condition, 

the factor of safety is reduced because the hydro­

static porewater distribution in the aquifer reduces 

the shear strength below the toe of the slope. 

9. Lower slopes are more strongly influenced by the sta­

bilizing effect of the downward flow component than 

higher slopes. 

10. In higher slopes, a strong downward flow component near 

the crest of the slope has the adverse effect of redu­

cing the overall stability. 

8.4 Recommendations 

Further investigative work should be done to de­

termine the exact effect of the upper weathered material 

which covers most clay sites in the Ottawa area. This type 

of study could be combined with an analysis of the precise 

behaviour of the groundwater flow in the surface zone of 

slopes in the Champlain Sea clay. This would permit to de­

termine the exact effect of this zone on the stability 

of slopes and verify the applicability of the suggestion 
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in using a small cohesive intercept to describe the soil's 

behaviour at shallow depths. 

In view of the importance of the groundwater 

flow regime in slope stability, further study would also 

be required to determine the exact types of groundwater 

flow that may be observed in the Ottawa area. Such a 

study would possibly determine if stratigraphic observa­

tions are correlatable with subsurface flow types, and 

would allow to indicate the most probable worst porewater 

pressure distribution at a site. 
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ANALYTICAL GEOMETRY 
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To resolve the intersection of a circle and a line, 

(subroutine INTER). 

The solution is the roots obtained by resolving the linear 

in the equation of the circle. 

The equation of a line is: 

Y = S*Y + < b 1 

where X and Y are respectively the abscissa and ordinate parts 

of the coordinate of the root of the equation, 

b is the Y-intercept, and 

S is the slope of the line 

S = Y2 - Yl 2 
X2 - XI 

where (XI,Yl) and (X2,Y2) are the coordinate of two points 

on the line. 

The linear equation may also be written: 

Y - Yl = S(X - XI) , 

or Y = S(X - XI) + Yl 3 

Simultaneously resolving 1 and 3 we have 

S*X + b = S*X - S*X1 + Yl , 

or b = yl - S*X1 4 

Resolving 4 in 1, 

Y = S*X + Yl - S*X1 5 

The equation of a circle is: 

R2 = (X - H) 2 + (Y - G) 2, 6 
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where R is the radius and 

(H,G) the coordinates of the center of the circle. 

Resolving 5 into 6 

R2 = (X - H)
2 + (S*X + Yl - S*X1 - G) 2 . . 7 

Since X is the only unknown, we thus have a second degree 

equation with one unknown which can be resolved in the qua­

dratic equation form of 

A*X2 + B*X + C = 0. 

Expanding equation 7, we get: 

(X2 - 2*H*X + rl2) + (S2*X2 + 2*S*Y1*X - ... 

...- 2*S2*X1*X - 2*S*G*X + Yl2 - 2*S*X1*Y1 - .. 

...- 2*G*Y1 + S2*X12 + 2*S*G*X1 + G2) - R2 = 0. 

Rearranging in the normal quadratic form: 

X2 + s2*x2 -... 

...- 2*H*X + 2*S*Y1*X - 2*S2*X1*X - 2*S*G*X +... 

...+ H2 + Yl2 - 2*S*X1*Y1 - 2*G*Y1 + S2*X12 +... 

...+ 2*S*G*X1 + G2 - R2 z 0 , 

and 

X2(S2 + 1) + X(2*S(Y1 - S*X1 - G) - 2*H) +.. 

...+ S*X1(S*X1 - 2*Y1 + 2*G) + G(G - 2*Y1) +... 

...+ H2 + Yl2 - R2 = 0. 

We now have from the normal quadratic form that: 

A = S2 + 1 , 

B _ 2*S(Y1 - S*X1 - G) - 2*H , and 
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C = S*X1(S*X1 - 2*Y1 + 2*G) + G(G + 2*Y1) + 

...+ H2 + Yl2 - R2 . 

The roots of such a system are given by: 

-B ± /D , 

2*A 

where D is the discriminant 

D = B2 - 4*A*C . 

If D is negative, the roots are imaginary and the line does 

not intersect the circle. 

If D is equal to zero, the roots are real and coincident: the 

line is tangent to the circle. 

If D is positive, the roots are real and different and the 

line cuts the circle at two distinct points. 
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To determine the coordinates of the center of the base of 

a slice (Subroutine FOFS). 

where (H,G) represents the co­

ordinates of the center 

of the circle, 

BS, the width of the sli­

ce, 

R, the circle radius, and 

XLC is the abscissa coor­

dinate of the edge of the 

slice. 

The abscissa coordinate of the centre of the base of the 

slice is: 

XB = XLC - 0.5*BS. 

The ordinate coordinate of the center of the base of the 

slice (YB) can be resolved through the rectangle trian­

gle formed by the points (XB, YB), (H,G) and (H,G-YB). 

Since the hypothenuse squared is equal to the sum of the 

squared of the two shorter sides, we have: 

R2 = (H. - XB)2 - (G - YB)2, 
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(G - YB)2 = R2 - (H - XB)2 , 

G - YB = /R 2 - (H - XB)2 

and 

YB = G - /R z - (H - XB)Z . 
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To determine the arc length of the base of a slice (sub­

routine FOFS). 

where R is radius of the circle, 

cf>, the angular value of the 

arc, 

a, half the cord, 

(H,G), the coordinates of the 

center of the circle, 

(Xp,Yp) and (Xm,Ym) are the co­

ordinates of the corners of the 

base of the slice respectively 

closest and farthest from the 

origin, 

and sin<j)/2 - a/R 1 

The distance between two points is 

a -/ovv2 + < W a 

Solving 2 into 1, we have 
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^ n */2 - y/CXm-Xp)^ + (Ym-Yp)^ ' and 

2*R 

* = 2*arcsin ( / ( X ^ ) 2 + (Ym-Yp) M . . 3 

2*R 

We know that: 

arc = R* (j> 4 

Solving 3 into 4, we get 

arc : R*2*arcsin ( /(X -X )
2 + (Y -Y ) 2 ) 

v m p m p • 
2*R 
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To determine the coordinates of the intersection of the cen­

ter of the slice and any non-paralel line (subroutine FOFS). 

The center of the slice can be assumed to be a vertical line 

passing through the center of the base of the slice whose 

coordinates are (XB,YB); the abscissa coordinate of the in­

tersection will thus be XB. 

The equation of the non-vertical line may be written 

Y - Yl = S*(X - XI) 

or Y = S(X - XI) + Yl. 

X = XB , 

Y = S(XB - XI) + Yl . 

This solution is also applicable to determine the soil shear 

strength from the applied stress and the soil Mohr-Coulomb 

failure envelope. 

.(X1,Y1) 

;XB,Y) 

'-*•-.. (XPL>YBX, 
jn' (effective normal stress) 
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To determine the true factor of safety value (subroutine 

FOFS). 

The correct solution is a point 

lying on a 45 degree line passing 

Fa,Fc) through the origin since the assumed 

factor of safety value is equal 

to the computed factor of safety. 

To resolve this point is to deter­

mine the intersection of two non-

Fa (assumed F.of S.) parallel lines of which one is a 

line passing through the origin, 

point coordinates (0,0), whose slope is equal to one,. 

Fa = Fc = Fr 

and the other is defined by two points, 

Fr = Mf*(Fr - Fa) - Fc 

which upon resolving for Fr becomes 

Fr = Fc - Mf*Fa , 

1 - Mf 

where Mf is the slope of the line indicating the relation­

ship between assumed and calculated factors of safety. 
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To determine the normal distance between a point and a 

line (subroutine WEIGHT). 

This solution is used to determine the distance of the cen­

ter of the base of the slice to the surrounding equipoten­

tial lines. 

where (XB,YB) are the coordi­

nates of the point, 

(XQ,YQ), the coordinates 

of a point on the line 
(XB,YB) 

and 

Sq is the slope of the 

line. 

If the equation of a line in the general form is 

A*X + B*Y + C = 0, 

the equation for the normal distance between a point and a 

line is: 

d = A*XB + B*YB + C 1 

/A2 + B2' 

The general equation of the line may be determined from 

Y - YQ : SQ* (X - XQ) 

or SQ*X - Y + YQ - SQ*XQ = 0 2 

From equation 2, we have that 

A = SQ , 

B = -1 and 

C = YQ - SQ*XQ. 



199 

Solving equation 1 using these values, we obtain 

d = SQ'*XB - YB + TQ - SQ*XQ 

/SQ2 + 1 

and upon reaaranging 

d - YQ - YB + SQ*(XB - XQ) 

/SQ7 +~T~ 
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Appendix B 

FORTRAN PROGRAM LISTING 
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3 

a s i N i I I V D s z o o N S I 
3 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 9 3 
3 

0 = 0 3 1 .ZOO NSI 
S 3 N 1 1 . V I l N 3 i 0 d I 0 0 3 l f . 3 _10N_J_3pa 3 1 3 a i J ) 3 _ n . I V 3 M = 0 3 I 3 

0=ZdI 1091 £Z00 NSI 
3 

33VJ_ans 3 i a i 3 w a z 3 i d in3_JLQ_N_S3qp_33vjans_iHnniy jd__M=z_i i___ 3 _ 

********************************************************************** 3 
3 
3 

— ~ (/« .H19N3V3aV"~~. 
•S'S'l .3A3. A M31N33 X d31N33 S 30 3 . • X61 4 .0. ) IV WMOd 16 2ZC0 NSI 

( 16*9)3_LIHI. IZOO NSI 
3 

S 3 1 1 I 1 NWI..03 VIVO 3 1 3 a i 3 "3H0 . I V 3 3 H a w •_) ~ " 
3 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 3 
3 __ _____ 

19 Ol 0 9 ( I T ) 3 » c l 0 1 S I ) J I 6 9 0 0 NSI !__. 
3 -ta. 

N0I1VN1W.31 lf.3~IH0ad _ 0 3 H 3 3 __ 

3 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 3 

3 
. __ 3 i J _ 3 3 — r W D ~ " T 8 - C90CT MSTI 

3 
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l i . I S N 

_ o 1 Sis. 
c. ISN 

ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
IS. 
ISN 
ISN 
ISN 
ISN ISN 
ISN 
ISN 

0C9 1 
00.93 
0094 
0095 
0056 
_Q09 7 
0098 
0C99 
0100 
Oil 01 
01 02 
OlOJ 
0104 
01Q5 
0106 
0107 
0108 

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

c ~ STOREf VALUES FCR LOWEST SATETY" "FACTOR 
C 

3 4 1 I F ( F S . G E . F M I N ) GC TO 7 0 1 
_ F_MIN=FS — - -

RADM=R 
CXM=. 
CYM=G 
E U O = . C L ( N F ) _ _ _ _ _ _ 
KNM=NN 
DO 5 3 1 1 = 1 , N N M 
B S M ( I ) = B S ( I ) 
D0 ._53 l_J_ l .10_ _ _ _ _ _ 
ARCMU . J )=ARCIN( I , J ) 
XBM( I . J ) = XB( I , J ) 
Y B M ( I . J ) = Y B ( I . J ) 

_____ ACCM. I . J)=GAMAH< I . J ) _ __ 
PORM(I.J)=UPOR P( I . J ) 
TAUMd , J)=TAUE( I . J ) 

531 TAM( I . J ) = TANPHI( I , J ) 
C . . 
c 
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 
C DETERMINE AND STORE ALPHABETIC VALUES OF THE FACTORS JQF SAFETY 
C 

ISN 0109 701 IFI=FS/100. 
ISN 0110 FS=(FS-FLOAT(IFI*1U0))+0.005 
JLSN 011L __1NI1_) _£S/JQ. 

iiii 

ISN 0112 IN(2)=FS-IN(11*10 
ISN 0113 IN(3)=FS*10.-IN< 1 ) * 100-IN(2)* 10 
ISN 0114 IN{4)=FS*100.-IN(1 ) * 1000-IN(2)* 100-IN(3)* 10 
JSN 0 1 15 DO 391 1=1.4 
ISN 0116 IF( IN( I ) .ECJ.O) IN( I >=10 
ISN 0118 391 F( I . IF,JF.NF)=NM(IN( I ) ) 
ISN 0119 IF(IN(1).EQ.l0)F(1,IF,JF,NF)=BLANK 
ISN 0121 i__0_XQ_L31 _ _ __ 
ISN 0122 101 F<I,IF.JF.NF)=eLANK 
ISN 0123 F(2.IF.JF,NF)=C 
ISN 0124 F(3, IF, JF,NF) = U 
JSJl 0 125 F(4,IF,JF.NF)=T 
ISN 0120 KRAD=0 
ISN 0127 GO TO 1131 
ISN 0128 321 DO 331 1=1,4 
ISN 0129 331 F( 1, IF. JF.NF) = BLANK 
"ISN 013 0 ~ JRAD=0 
ISN 0131 GO TO 1131 
ISN 0132 1001 DO 1011 1=1.4 
1_SN 0_13_3__ 1 0 1 1 F . I . I F . J F . N F ) = NEG( I ) 

C 
C 
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
C_ _ _ 

T S N 0 1 3 4 " " " 1 3 T ~ I F ( N 1 . N E . N N ) GC TC 6 0 2 
I S N 0 1 3 6 1 1 3 1 CALL F C I R C 

C 
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

UNIVmSlTE D'OTTAWA 
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c 
f _N~d_37 ~ ~ ~ T F T T S T O " P . E Q . 1 ) G O T O ~ _ I ~~ 

c 
c 
c _ * * * * J * * J * * _ _ _ * * * _ * _ * * * * * * * * * * * * * * * * * ^ * * J _ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

SO . C 

O I S N 0 1 3 9 GO TO 1 6 0 1 
c . C 

__ c • • • • • • * • * • * » * * * * * * * * » * * * * * * * * * * j j c * * * » * * * * * * * » * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 
c 

ISN 0140 261 IF(NF.LT.2)G0 TO 27 1 
. C 

c ********************************************************************** 
c 
C W£XI_.:_0ATA OF LOWEST_J-ACTOi_QF SjAFETY 
C 

ISN 0142 IFIFMIN.GE.1000. ) STOP 
ISN 0144 WRITEI6.181) 
-1_S_R_Q145 laJt__FORM_ATiL

,_l, »50X ,'TRACE - SL I CE_DA TA : • ,/ ) 
ISN 0146 WRITE(6,41)(TITL(I) , 1=1,20) 
ISN 0147 WRITE(6,191) 
ISN 0148 191 FORMAT! • ',' F.CF S. M11.. RADIUS CENTER X CENTER Y L 

_ 1J_VEL'_) . __ „ _ _ _ 
ISN 0149 WRITE(6,201 >FMIN,RADI» ,CXM,CYM,ELM 
ISN 0150 201 FORMAT!• •,bX.F5.2.4(5X,F7.0)»/) 
ISN 0151 WRITEI6.251) 
I S.i__01.52. 25J_rf_QRMAT< L__! »15X.« AKC_LEN. __ CENTER X _ ..CENTER Y VERT.WT PO 

1RPR TAU TANPHI•./) 
ISN 0153 IF(NNM.LE.31)G0 TU 811 
ISN 015b WRITE(..82l)NNM 
_I_SN_ 0156 821 FORMAT! * 0» . IPX. ' NNM GREATER .THAN 31_, EXCEEDS LIMITS. NNM= '.I4./.1 

lOX.'STOP PRINTGUT UF LOWEST VALUES.') 
ISN 0157 GO TO 851 
ISN 0158 811 DO 211 1=1,NNM 
I S N J 1 5 9 WRITE!6.221 )OSM( I) _ _ _ 
ISN 0160 221 FORMAT!»0'.10X.«WIDTH OF SLICES: '.F8.1. 
ISN 0 161 WRITE(6,231)(ARCM!I,J),XBM!I,J),YBM!I,J),ACCM(I,J)»PORMiI,J),TAUM( 

1 I.J) ,TAM!I,J), J = l. 10) 
ISN_0162_ 231 FORMAT!' ',/,10! 1 OX,7(3X«F9.2)/) ) 
ISN 0163 WRITE!6,241) 
ISN 0164 241 FORMAT!•-•) 
ISN 016b 211 CCNTTNUE 

C , 
c 
c ********************************************************************** 
c 

_ _ _ C „*!_______ RESUME OF FACTORS .OF SAFETY 
C 

ISN 0166 851 _-RITE!6»571 ) !T ITL( I ) , 1 = 1 ,20 ) 
ISN 0167 571 FORMAT! • 1« ,40X»•SUMMARY OF FACTORS OF SAFETY« .//,4 OX.20A4,/) 
JSN 0 168 _ __ NF=NF-1 _ 
"ISN 0i69 DO 421 N= 1 , NF 
ISN 0170 WRITEI6,5Q1)CL(N) 
ISN 0171 561 FORMAT! • ',30X ,'TANGENT IAL LEVEL! *,F8.1,/) 
ISN 0172 I12=IN12!N) 
UNIVrRS«TF- D'OTTAWA 

CE-iSITRE 0 IN! CRIV1ATIOUE 



ISN 0173 I13=IN13(N) 
JLS_N _P174 _ _WRIJTC(0,551 M C X . I,I 13.N) . 1=1 j U 2 ) 
ISN 0175 551 FORMAT!' • .1 OX . •/ '.IDFa.l,/) 
ISN 0176 WRITE(6,401) 
ISN 0177 401 FORMAT(» ». 132(•-•)/) 

r, ISN _0 178 QP__7H J=l , U 3 . 
O ISN 0179 JM1=I13-J+1 
CM ISN OieO WRITEI6 ,411 >CY(1 . JM1,N),( (F! I I. I ,JM1 , N ) , I 1 = 1.4) .1=1,112) 

ISN 0181 411 FORMAT! • '.1X,F8.1.' / • .15(3X•2A1 ,« .• .2A 1 ) ./) 
ISN 0182 71J CONTINUE 
ISN 0183" ~WRITE!6.401 ) 
ISN 0184 WRITE!6.551 )!CX( I.l ,N) , 1 = 1, I 12) 
ISN 01E5 WRITE(6,731) 
J_SN 0186 731 FORMAT!'!') __ _ 
ISN 0 187 " 42 1 CONTINUE 
ISN 0188 271 IF!INEXT.NE,1)GO TO 441 
ISN 0190 WRITE(6,431) 
ISN 0191 431 FORMAT! ' 1', IPX .'' 'NEXT' 'CARD ENCOUNTEREO - START NEW EMBANKMENT.') 
ISN 0192 " ~ WRITE!6,73i) 
ISN 0193 GO TO 21 
ISN 0194 441 IF!ILAST.EQ.l )WRITE( fc> ,451) 
ISN 0156 ___ *51__F_0RMAT! M ' ,1 OX,' • •LAST'_' CARD ENCOUNTERED - RUN TERMINATED.') 
ISN 0197 WRITE.6.731) 
ISN 0198 STOP 
ISN 0199 END 

UN-VErR*;.!^ D'OTTAWA 
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VMV110 _ Q 311S ii :i AIN f I 

VIVO N31133S-SSOH3 Nl 0V3a 

2A 2X IA IX 

!.-. 
(OOOSI* 

is.T_3A31 ld03 a_0 3dAl 
3S3__ OS|' 6HV3.*Xt 

!OOOS* 

0=SSI 
•0=12A 
•0=12X 

•0=1IX 
)ivwaoj 
9J31IH*. 
TIPS 
TlVW_03 
9)31IHM 

3 
3 
3 
_3_ 

OOOSI 

8100 
Z 100 
9100 
S 100 
* i 0 6 
£100 
2100 

I 
ooos I too 

0 100 

NSI 
NSI 
SJSI 
NSI 
NSI 
NSI 
NSI 

TsTsT 
NSI 

__ _ _. _ _ _____... S 3 n i v A .__o.i . H _ L _ N _ 2 I O . W _ . Q S _ 3 S . L _ V i - U N i 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

VIVO NDI133S-SS0a3 A 

3 
3 

********* 

ai3W039 

3 
** 3 

3 
3 
3 

********************************************************************** 3 
3 
3 

! 6 C . 2 Z d A'"•' < F C )""_"_) A "NOi"I SM_3IM1 Q 6000 NSI 

133S-X b03 X301Q NOISN3WIQ 
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IN*WW*P* 1 *SXN *30SN 
dl'1X3MI'NIWI*ISVlI*3 

1NI/X1 
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PC) 33 
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£ )NI3aV * ( 0 1 * 0C)HVIr.V9* 
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•ON* 
1*03 
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NV1*12 
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0 O 3 V V 

NN*3N*03N«G 
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3N'3N1~1*1SV 
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)33A 
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' i * n * n 2 * 
* 3 r * d O i s i 
i a a / l ' s T e i 
I * ( 0 £ ) S I * 
a i 3 * ( , ) Z d 
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)SM*'"(6T_» 
* ( 0 £ ) 2 A * ( 
* ! 0 £ ) 0 3 3 * 
( 2 £ ) 0 3 « ( 0 
* ( t i l " •6 £ 7 1 
s i ) X 3 / > n a 
H3931NI 1 

a3__UNT 
H3931NI 
W3931NI 
• a v a i * 2 6 
N I » T S J 2 8 
OM»a*H* I 
3 * ( S ) 0 3 9 
/NOWWO3 _ 
'«"•" . O I . Z Q 
0 £ ) IA«( t/ 
( o c ) s a * e 
t * _ s ) n v i 2 
x * ( 6 1 * o T 
/N0WW03 
I3IldWI 

3 
3 
3 

8 0 00" 
ZOOO 
9000 

Wsi 
NSI 
NSI 

SOOO NSI 

t.000 
£000 

_ _3 
sPNiinodans liv "ONV wVaooad N I V W OX _.3"o3a"N0"wwo3 "3 

VIVO S J 3 I 1 3 3 S - S S 0 H 3 3 d 0 1 S ONV 0V3tt 0 1 WVHPOHdanS 3 
N V O I S - 2 - i 3 3 s x 3 N i i n o a a n s 3 

_ _3 
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3 
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en 
o 

_CM_ 

I S N 
JLSN 
I S N 
I S N 
I S N 

0 0 1 9 
0.020 
0 02 1 
0 0 2 2 
0 0 2 3 

.LSN _ _ 0 2 4_ 
I S N 0 0 2 6 
I S N 0 0 2 7 

_C 
C 
C 
C 

1 2 

1 0 0 2 

DO 9 2 1 = 1 , N X 3 
B E A D A 5 , 1 2 ) P E S C ,X 1 ! I ) , Y 1 (. I ) » X2 ( I ) , Y 2 I I ) , I S ( I ) 
FORMAT(A4,4F8.1,15) 
WRITE(6,1002)I,DESC.X1(I).Y1(I).X2!I).Y2!I).IS( 
FORMAT!1X.5X,I2.2X.A4,4(2X,F9.2),10X,I5) 

CHECK CARD HEADER 

I > 

JS.N 
ISN 

0028 
0029 

.___ Ifz!0eSC.E0.LINE)GO_ TO _32_ 
WRITE(6,22>I.DESC 

22 FORMAT! '0' .I OX .'HEADER OF 
1 ANO READS: • .A4 ,/) 
_LSTLQP=1 

«.I2.'TH CROSS-SECTION CARD IS INCORRECT 

ISN 0031 
ISN 0033 
JSJ±_0 034 

ISN 0035 

ISN 0036 
ISN 0038 
ISN 0039 

TSN ~0040' 
ISN 0041 
ISN 0042 
ISN 0044 

C 
C 
C 
c 

c 
c 
c 
c 
c 
c 

32 

42 

1F!DESC.EQ.NEXT.OR.UESC.EQ.LAST)GO TO 802 

JCHE.CK_IF _SOIL TYPE DEFINED _ 

1F( IS(I ) .GT.0.AND.IS( I ) .LE. 10)GO TO 52 
WRITE16.42)I.IS(I) 
FORMAT! '0* . IPX, ' N.C SUIL JYPE_DEF_I NED ON '.12, 'TH CROSS-SECTION CAR 

ID !».I5.' ) . ''IS'" IS NOT WITHIN SPECIFIED LIMITS.'./) 
ISTOP=l 

CHECK VERTICALITY OF LINES 
BECAUSE OF FORM Y=MX+B VERTICAL SLOPES EQUAL 
SLOPES SHOULD NEITHER EXCEED 100. 

INFINITY 

Y2(I),I 
•,•,F8.1, 
VERTICAL, 

52 IF!X11I ) ,NE.X2<I ) )GC TO 72 
WRITE!6,62)X1(I).Y1(I.,X2(I) 

62 FORMAT! '0' , 10X, 'LINE !',F8.1 
1 I2f 'TH CROSS-SECTION CARQ___I_S 
ISTOP=i 

72 S(I) = (Y2( I )-Yl I I ) )/(X2( I)-Xl! I) ) 
IF!ABS(S(I)).GE.IOO.)wRITE(6.82)XI(I 

82 FORMATC '0' » 10X ,_• SLOPE OF LINE 1 ' .F8. 
1.') ON *.12.»fH'CROSS-SECTION 
2AY BE INCORRECT.'./) 

) .! ' 
./) 

.F8. 1 ,' . » .F8.1 • • ) ON • 

• Y l ! 
. • . • 

I ) .X2( 
,F8. 1, 

I ).Y2(I ) . I 
' ). ( • .F8.1 .F8. 1 

CARD EXCEEDS 100.•«/«1 OX. •SULUTI ON M 

ISN 0045 
JSN 0046_ 
ISN "0 04 7 
ISN 0048 
ISN 0049 

ISN_0050 
ISN OObl 
ISN 0052 

C 
C 
C 
c 

c 
c 
c 
c 

92 

SUM CROSS-SECTION DATA BY COLUMNS 

X1T=X1T+X1!I) 
Y1T=Y1T»Y1(I) _ 
X2T=X2T+X2(I) 
Y2T=Y2T+Y2(I) 
ISS=ISS*IS(I) 

1 1002 
C 
_C 

READ SUM CARD 

_READ15, 12JDESC , XT1 , YT1 ,X_I2_. YI2» ITS _ _ 
WRITE(6,110 02)UESC,XT1,YT1,XT2,YT2,ITS 
FORMAT(lX.7X.2X.A4,412X.F9.2),10X.Ib) 

UWIVERSITf D'OTTAWA 
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C CHECK CARD HEADER 
C 

ISN 0053 IF(DESC .EQ.TOT )G0 TO 122 
ISN 0055 WRITE!6,112)DESC 
ISN 0056 112 FORMAT!»0'.10X.'TOTAL CARD DOES NOT FOLLOW CROSS-SLCTION DATA, CAR 

__ 10_ HE.ADER READS; ',A4,/) 
ISN 0057 ISTOP=l 

O ISN 0058 IF1DESC .EQ.NEXT.OR.DESC.EQ.LASTIGO TO 802 

________ ___ _c __ . _ _ _ _ _ 
C CHECK COLUMN TOTALS 
C 

ISN 0060 122 IF1X1T.EQ.XT1)GO TO 132 
J5N_006? .N_C.0L.5l _ _ _ _ _ _ _ _ _ _ _ 
ISN 0063 GO TO 172 
ISN 0064 132 IF!YlT.EQ.YTl)GO TO 142 
ISN 0066 NCOL=2 
ISN. 0G67 GO_LQ__l_72 _ 
ISN 0068 142 iF!X2T.EQ.XT2)GO TO 15? 
ISN 0070 NCOL=3 
ISN 0071 GO TO 172 
l_N_ 0072 152_JJFLCY_2T._EQ.YT2)GO TO 162 
ISN 0C74 NCOL=4 
ISN 007b GO TO 172 
ISN 0076 162 IF(ISS.EQ.ITS)GO TO 192 

. ISN J_07_3 _ NC_0L=5 
ISN 0079 172 WRITE(6.182)LXYfNCOL),NCOL 
ISN 0080 182 F0RMAT('0'.10X.A4,'CROSS-SECTION DATA COLUMN ',12,' DOES NOT MATCH 

1 TOTAL.',/) 
__ ISN__0081 __ G_g__T_ajl32,142, 152. 162, 1 92J ,_NCOL_ 

C 
C 
C ********************************************************************** 

__ PIEZOMETRIC SURFACE DATA 
C 

ISN 0082 192 IF(NPIEZ.GT.0)G0 TO 212 
ISN 0C34 WR ITg.t6_t2_Q.2L _ 
ISN 0085 202 FORMAT ( 1X»•NO PIEZOMETRIC SURFACE DATA - NO GROUNDWATER INFLUENCE 

U N PRESENT PROBLEM') 
ISN 0C86 GO TO 562 

_ C __ 
c 
C INITIALISE SUMMATION CHECK VALUES 
C 

__ I S N 0 C 8 7 2 1 2 XJT__=0. _ __ 
I S N 0 0 8 3 Y 1 T = 0 . 
I S N 0 0 8 9 X 2 T = 0 . 
I S N 0 0 9 0 Y 2 T = 0 « 

_ I S N 0 0 9 1 W & J L I J E J J 5 * 1 5 0 0 0 ' - _ _ 
c 
c 
C READ IN PIEZOMETRIC DATA 
C 

fell! 

ISN 0092 DO 282 I=1.NPIEZ 
ISN 0093 READ(5«222)DESC.XPZl( I ) ,YPZ 1(I ) .XPZ2( I) ,YPZ2( I) 
ISN 0094 222 FORMAT(A4,4F8.1) 
ISN 0C.5 WRITE (6,2002) I .DESC . XPZ 1 I I ) ,YPZ1 I I) ,XPZ2! I) ,YPZ2( I ) 

_'l_.VF«S.rC O'OTTAWA 
f i N I P . n irj nnwATlOHE 
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ISN 0096 

-1.S.N-

M 

ISN 
ISN 

-JSJN., 
ISN 

_QQ9.7_._ 
0099 
0100 

__-.l_0_.I__ 
0102 

_C_. 
C 
C 
C 

2002 FORMAT!1X,5X.I2,2X,A4.4<2X.F9.2)) 

CHECK CARD HEADER 

ISN 0104 
ISN 0106 
ISN 0107 

C 
C 
C 
C 

LEJLDJiSC . E . Q . P I E 
W R I T E ( 6 . 2 3 2 ) I 

2 3 2 F O R M A T ! ' 0 ' . 1 0 X 
1ECT AND READS: 

___LS.TSP_a _.._ 
I F ! D E S C . E Q . N E X T . O R . D E S C . E Q . L A S T ) G Q TO 8 0 2 

^ZlG.CL.Xg... 2_4.2. . _._ 
DESC 
,'HEADER OF ',12,'TH PIEZOMETRIC DATA CARD IS INCORR 
• .A4,/) 

._CH_E.CJL._YERTI.C.AL I T.Y _.P_F _L J.NES 

242 

ISN 0108 
ISN 0109 
JSN_0_1_1__L 

ISN 0112 

IF!XPZ1(I).NE. 
WRITE!6.252)XP 

252 FORMAT!_• g__ » 1 OX 
1 12. 'TH PIEZUME 
IST0P=1 

262 SPZ!I) = !YPZ2( I 
____F!ABSLSPZ! IJ ) 
1 .1 

272 FORMAT! •0•. 1 OX 
18.1,'.•.F8.1.« 
2PROBLEM MAY BE 

C 
C 
C 
C 

XPZ2(I))GO TO 262 
Zl! I ) ,YPZl ( I) *XPZ2!I),YPZ2( I ) ,1 
,'LINE (' »F8. Li!.t___»F8. 1 .').(• ,F8. 1 ,'.' .F8.1 ,' ) ON ', 
f R I C C ARD IS VERTICAL . •,/ ) 

)-YPZl (I ) )/!XPZ2! I)-XPZII I ) ) 
. GE__100 . )_WR1JEJ 6JJ.2 7__L)_XPZ1 I I ) , YP 

,'SLOPE OF PIEZOMETRIC LINE («.F3. 1.»,'•F8.1 ,'),(• .F 
) ON '.12,'TH CARD EXCEEDS 100. ••/.1 OX *•SOLUTI ON OF 
JNCORRECT._L_/J „ 

SUM PIEZOMETRIC DATA COLUMNS 

ISN 0113 
ISN 0114 
ISN 0115 
ISN 0116 

C 
C 
C 
Q_ 
C 
C 

XIT=X1T + XPZ1I I 
Y1T=Y1T+YPZ1!I 
X2T=X2T+XPZ2!I 

282 Y2T=Y2T+YPZ2II 

READ SUM CARD 
CHE_XK_ CARD H E A 

CHECK COLUMisl f 

I S N 
I S N 
I S N 
I S N 
I S N 
I S N . 

I S N 
I S N 
I S N 
I S N 
I S N 
I S N 
I S N 
I S N 
I S N 
ISN 
ISN 

01 17 
01 18 
0 1 1 9 
0 1 2 0 
0 1 2 2 
01.2 3 _ 

0 1 2 4 
0 1 2 5 
0 1 2 7 
0 1 2 9 
O130 
0 1 3 1 
0 1 3 3 
' 0 1 3 4 " 
0 1 3 5 
0 137 
0 1 3 8 

READ 
WRIT 

1 2 0 0 2 FORM 
I F ( D 
WRIT 

302_JFORM 
" 1HEAD 

ISTO 

3 1 2 
I F ! D 
I F ! X 

! 5 . 2 2 
E ! 6 . 1 
AT( I X 
ESC . E 
E ! 6 , 3 
ATLIQ. 
ER RE 
P = l 
ESC.E 
1 T . E Q 

2 ) D E S 
2 0 0 2 ) . 
, 7 'X . 2 
Q.TOT 
0 2 ) 
__, 10X 
ADST "" 

Q.NEX 
. X T 1 ) 

DER _ . 
C'fALS ' - - - • • - •-• - -

C . X T 1 . Y T 1 . X T 2 . Y T 2 
DESC.__XT1 j Y X L i X T _ L » Y J 2 __ ___ ___ 
X,A4,4(2X,F9.27y "" - ~ ~ 
)G0 TO 312 
,'TOTAL CARD DQESjslOT FOLLOW PIEZOMETRIC DATA, CARD 
» ' ,A477 ' r " " ~ " " " "" " ' " ' 

T.OR.DESC.EQ.LASTIGO TO 802 
GO TO 3 2 2 

NCOL 
GO T 

3 2 2 I F ( Y 
NCOL 
GO T 

3 3 2 I F ( X 
NCOL 
GO T 

= 1 
0 3 5 2 
1 T . E Q 
=2 
O 3 5 2 
2 T . E Q 
= 3 
O 3 52 

. Y T 1 ) G 0 TO 332 

. X T 2 ) G 0 TO 3 4 2 

UI.IV.-RS1 TT. D'OTTAWA 

CtNTPE '̂  ("JFOnn-IATIOUP. 
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CM 
r-l 
____ 

ISN 
ISfci 
ISN 
ISN 

ISN 

0139 
0141 
0142 
0 143 

0144 
C 
C 

342 IF!Y2T.EQ.YT2)GO TU 372 
NCQ(_,=4 _ _ _ 

352 WRITE(6.362)LPZINCOL).NCOL 
362 FORMAT! '0' • 1 OX .A4,2X,'PIEZOMETRIC DATA COLUMN 

1H TOTAL.'./) 
. G0_ 1.0(3 22.332.342,372).. NCOL _ _ . _ 

',12,' DOES NOT MATC 

ISN 0145 
ISN 0147 
JSN_0148 

ISN 0149 

ISN 0150 
JSN .Qlbl 
ISN 0152 
ISN 0153 
ISN 0154 
I SN_0155 

ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 

0156 
0157 
0158 
0 159 
0160 
0161 
0163 
01b4 

ISN 0165 
ISN 0166 

ISN 0168 
ISN 0170 
ISN 0171 

ISN 0172 
ISN 0173 
ISN 0174 
ISN 0176 

C ********************************************************************** 
C 
C EQUIPOTENTIAL NET DAfA 
C 
C ********************************************************************** 

__ _ __ __ _ _ _. 
372 IF!NEO.GT.0)GO TC 392 

WRITE!6,382) 
__ __3Q2__ECRMisTl '0* , 1QX ,' NO EQU I PJ_TEN_TI AL DATA - SOLUTION <H I LL_ ASSUME HORIZ 

1GNTAL FLOW'./) 
GO TO 562 

C 
C 
c 
c 

INITIALISE SUMMATION CHECK VALUES 

392 X1T=0. 
_Y__I=0„ 

C 
C 
C 
C 
C 

X2T=0. 
Y2T=0. 
X3T=0. 
_JSJBLI_Ei6_15Q00) 

READ EQUIPOTENTIAL DATA 
CHECK CARD HEADER 

C 
C 
c 
c 

DO 462 1=1,NEQ 
READ(5.402)DE5C.XG1(I),YQl!I),XU2!I).YQ2!I),ELQII) 

_4 0_2_F_OR_MAT( A4,5F8j__l ) _ 
WRiTE!6,2012)I.DESC,XQl!I),YQl!I),XQ2(I ) , Y02I Ij ,ELQ(17 

2012 FORMAT!1X,5X,I2,2X,A4,4!2X,F9.2).7X.F9.2) 
IF(DESC .EQ.EQPT)GC TO 422 
WRITE(6.412) I .DESC 

412 FORMATf »0» , 1 0 X , • HEADER "OF ~ «7l 2."• TH EQUIPOTENTIAL DATA CARD tS INCO 
1RRECT AND READS: «.A4,/) 
ISTOP=l 
IFJJLESC .EQ. NEXT. OP. DESC. EQ_,.LAST) GO TO 802 

CHECK VERTICALITY UF LINES 

422 IFTxaK 11 .NE.XC2.I ..GO TU 442 
WRITE(6.432)XQ1( I ) ,YQl ( I ) ,XQ2(I ) .YQ2I I ) , I 

432 FORMAT! '0' . 1 OX ,'LINE ( • ,F8. 1 , ' .• .F8.1 . • ) ,(• ,F8. 1 ,• ,• ,F8 . 1 ,• ) ON ', 
1JL2 _lT_i EQUIPOTENTIAL CARD IS VERTICAL. • ,/) 
ISTOP=l 

442 SEQ! I)=(YQ2I I)-YG1( I ) )/(XQ2( I )-XQl(I) ) 
IF!A8S(SEQ(I)).GL.100.)WRITE(6.452)XQl(I),YQl!I>,XQ2!I).YQ2!I),I 

452 FORMAT!'0' .IPX.'SLOPE OF EQUIPOTENTIAL LINL ( »,F8. 1. '. ' ,F8. 1 .' ) .( • 

mm 
UIM1VFRSITF D OTTAWA 

C FN . r P . ru ' > | . . . , -UOUE 



iH 

ISN 
ISN 
ISN 
.ISN. 
ISN 

0177 
0178 
0179 
Q.18Q 
0181 

C 
C 
C 

x 

1 .F8.1,• .• »F8.1 . • ) ON ',12,'TH CARD EXCEEOS 1O0. • ./. I OX.•SOLUTICN O 
_2.fL.JBRaQLEM_ MAY .BE.-.I.N.CQHRECX..--'.*/) 

SUM EQUIPOTENTIAL DATA COLUMNS 

X1T=X1T+XQI!I) 
Y1T=Y1T*YQ1!I) 
X2T=X2T+XQ2!I> 
-Y-2X_-Y_.T+Y_Q2(I) 

ISN. 
ISN 
ISN 
ISN 
ISJN. 
ISN 

ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
_ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 

PJ82 
0183 
0184 
0185 
0187 
0188 

0189 
Ql 90 
0192 
0194 
0195 
0196 
019 8 
0199 
0200 
.0202 
0 2 03 
0204 
0206 
0207_ 
0 2 08 
0210 
021 1 
0212 

ISN 0213 

C 
C 
_C_ 
c 
c 
c 

462 X3T=X3T+ELQ( I . 

RE_AD._S.gLM CARP. 
CHECK CARD HEADER 
CHECK COLUMN TCTALS 

J_EAD(5»_4 02)OESC,XT1 » VT1 , XT2_. YT2 . XT 3. _ 
WRITE!6.120 i 2)DE SC,XT 1.YT1.XT2.YT2,XT3 

12 012 FORMAT!1X.7X,2X,A4,4(2X,F9.2).7X.F9.2) 
IFIDESC.EQ.TUT )GC TO 492 
J_U_TE (6 j 4 82 ) DE SC 

482 FORMAT! »0' . 1 OX .' TOTAL CARD DOES NOT FOLLCW EQUIPOTENTIAL DATA. CAR 
ID HEADER READS: '.A4./) 
ISTOF=l 
IFj[DESC .EQ.NEXT.OR.DESC.EQ.LAST)GO TO 802 

492 IF(X1T.EQ.XT1 ) GO TO 502" 
NCOL=l 
GO TO 542 

_5.02__I_F1 Y_LI.JEQ.YT1 )GO JO 512 
NCOL=2 
GO TO 542 

512 IF1X2T.EQ.XT2JG0 TO 522 
NCOL=3 
GO TO 542 

522 IF!Y2T.EQ.YT2)GO TO 532 
NC0L=4 
GO TO 542 _ _ 

532 IF.X3T.E0.XT 3) GO TO 562 
NC0L=5 

542 WRITE!6,552)LEQ(NCOL),NCOL 
552 FORMAT!'0',10X,A4,2X,'EQUIPOTENTIAL DATA COLUMN 

ITCH TOTAL.',/") 
GO TOI502,512,522,532,562),NCOL 

i' DOES NOT MA 

ISN 0214 
ISN 0215 
ISN 0216 

C 
C _ 

c ********************************************************************** 
c 
C SOIL PROPERTIES 
C _ . 

c ********************************************************** ************ 
c 
c 
C 1N1XIAL_ ISE_SUMMATI0N CHECK VALUES 
C~ . - . . . _ . . - .-._ .-_ _.- _ 

5 6 2 I S S = 0 
TWW=0. 
TWS=0 . 

U IS!. V IE R SIT E D' O T T AW A 

CfW T FU IVINf ORMAT IO.UF 

http://RE_AD._S.gLM
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iH 

ISN 0217 
_J.SN._0213. .._ ...... 
ISN 0219 
ISN 0220 
ISN 0221 
T.SN .022 2 
ISN 0223 
ISN 0224 
ISN 0225 
ISN 0226 _____ 
ISfsl 0227 
ISN 0228 
ISN 0229 

_..c_ 
c 
c 
c 

__ _ __c_ 
c 

ISN 0230 
ISN 0231 
_ISN 0232 
ISN 0233 

ISN 0234 
ISN 023.5 . 
ISN 0237 
ISN 0238 

ISN_ 
ISN 
ISN 
ISN 
_ISN 
ISN 
ISN 
ISN 
I SN 
ISN 
ISN 
ISN 
ISN 
_SN 
ISN 
ISN 

0 2.39 
0 24 0 
0242 
0243 
0244 
0245 
0246 
0247 
0248 
0249 
0250 
0251 
0252 
02 5 3 
0254 
0255 

ISN 0256 

ISN .02 5 7 

ISN 0258 
ISN 0259 
ISN 0261 

TC = 0. 
_XJ_J_=Q* . 
Y1T=0. 
X2T=0. 
Y2T=0. 
X_I.T__O.___. 
Y3T=0. 
X4T=0. 
Y4T=0. 
X5T=0. 
Y5T=0. 
WRITEI6.15000) 
WRITEI6.15000) 

READ SOIL PROPERTIES DATA 
CHECK CARD HEADER 
_§UM_SOIL DATA BY COLUMNS.. 

_57.2 

2022 

582 

DO 602 1=1,NSOL 
READ(5,572)DESC,1ST!I ),WW!I ) , WSI I).CO! I ) ,(SIG(J,I),TAUIJ,I) ,J=1,5) 
_FQRMATLA4. I2.13F5.1 )_ _ _ _ __ 
WRITE!6.2022)I .DESC. 1ST I I ) ,WW!I) ,WS! I ) ,CO!I ), !SIG!J, I) ,TAU!J,I ).j= 

1 1.5) 
FORMAT!1X,5X,I2.2X.A4,2X,I2.2X,13(2X.F6.1)> 

_.TFJLQES_0 E.Q, SOI L ) GC. TO. 592 _ . _ 
WRITE(6 .582) I,DESC 
FORMAT! *0' . 10X ,'HEADER OF ',12,'TH SOIL CAPO IS INCORRECT AND READ 

IS! • ,A4,/) 
1STQP=1 _ 
IF(DESC.EQ.NEXT.OR.DESC.E<__.LAST)GO TO 802 

592 ISS=ISS+IST!I) 
TWW=TWW+WW!I) 
TWS=TWS+WS( I ) _ 
TC=TC+CO!I) 
X1T=X1T+SIG(1.I) 
Y1T=Y1T+TAU(1•I) 
X2T=X2I_+SIG(2. I ) _ 
Y2T=Y2T+TAU !2 , I ) "" "" 
X3T=X3T + 5IGI3. I ) 
Y3T=Y3T+TAU!3.I) 
X4J=X4T + SIG!4, I ) 
Y4f=Y4t+fAU(4,I) 
X5T=X5T*SIG!5,I) 
Y5T-Y5T+TAUI5,I) 602 

C 
C 
C 
C 
C 
c 

12022 

REAO SUM CARD 
CHECK CARD HEADER 
CHECK COLUMN TOTALS 

READ!5,5 72)DESC,ITS,I_WT,WST,CT,XT1,YT1,XT2,YT2,XT3,YT3,XT4,YT4,XT5 
1 ,YT5 
WRITE16,12g22)DESC,ITS.WWT,WST,CT,XT1,YT1,XT2,YT2,XT3,YT3,XT4,YT4, 

1 XT5,YT5 
FORMAT! 1X,7X,2X,A4,2X,I2,2X,13!2X,F6.1 ) > 
IFIOESC.EQ.TOT)GC TO £32 
WRITEI6.622) 

U NIVK n S«T!' D' OTTAWA 
C F N r . » ' r.i'iw!''.;,:M<,.TIO.MC 
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! 

ISN 
__^ 
ISN 

__? ISN 
£ - ISN 

ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 

_ TSN 
ISN 
ISN 
ISN 
JSN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
|SN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 

ISN 

0262 

0263 
0264 
0266 
0268 
0269 
0270 
0272 
0273 
0274 
0276 
0277 
0278 
0280 
0281 
0282 
0284 
0285 
0286 
0288 
0289 
0290 
0292 
0293 
0294 
0296 
0297 
0298 
0300 
0301 
0 J02 
0304 
5305 
03G6 
0308 
0309 
0J10 
0312 
0313 
0314 
031 6 
0317 
0318 
0320 
032 1 
0322 

032 3 

c 
c 
c 
c 
c 
c 

ISN 0324 
ISN 032b 

622 FORMAT( •O' ,1 OX ,' TOTAL CARD DOES NOT FOLLCW SOIL DATA, CARD HEADEP 
_.l READS: *.A4,/) _ 

ISTOP=l 
IF!DESC .EQ.NEXT.OP.UE5C.LQ.LAST)GO TO 802 

632 IF!ISS.EQ.ITS)GO TO 642 
JSlCOL=l 
GO TO 742 

642 IF(WWT.EQ.TWW)GO TO 652 
NCOL=2 

_ GQL_.T0_.742 
652 IF! WST.EQ.TWS)GO TO _(._. 

NCOL=3 
GO TO 742 

662. IF(_TC_.EQ.CT)G0 TC 672 
NC0L=4 
GO TO 742 

672 IFIX1T.EQ.XT1)GO TO 682 
NCOL=5_ 
GO TO 742 

682 IF(YlT.EQ.YTl)GO TO 692 
NC0L=6 

___G_Q_TO_ 742 __ 
692 IF(X2T.EQ.XT2)GO TO 702 

NC0L=7 
GO TO 742 

702_IF(jrT_2.EQ,Y2T ) GC TO_712 
NCOL=8 
GO TO 742 

712 IF(X3T.CQ.XT3)GO TO 722 
NCOL =9 _ _ 
GO TC 742 

722 IF(YT3.EQ.Y3TJGO TO 732 
NCOL=10 
GO_T_Q 7 42 _ 

732 IF(XT4.EQ.X4T)G0 TO 912 
NCOL=ll 
GO TO 742 

912_ I_Fi_Y4_T.EQ_.YT4)GO_TO 922 
NCOL=f2 
GO TO 742 

922 IF(X4T.EQ.XT4)G0 TO 93? 
NCOL=13 
GO TO 742 

932 IF(Y4T.EQ.YT4)G0 TO 762 
NCOL=14 

742 _WR_ITE!6 ,752)LSL! NCOL ), NCOL __ 
752 FORMAT! '0™' , 10X ,A4,2X, 'SOIL DATA COLUMN ',12.' DOES NOT MATCH TOTAL 

1 .' ./) 
GO TCI 642, 652,66?,672,082,692,702,712,722,732,912,922,932,762) ,NCO 

1 L , _ 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C7f i -CK~IF INDICATED S O I L S ONf CROSS-SECT I ON CARDS ARC ALL PRESENT 

7 6 2 DO 7 9 2 1 = 1 , N X S 
DO 7 7 2 J = l « N S O L 

Pill 
UNIVFRRnt D'OTTAWA 

c f w r p . " r.roprwiATiQUE 
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ISN 
ISN 
ISN 

*> ISN 
iH 

~_ISN 
ISN 

ISN 
ISN 
ISN 
ISN 
ISN 
ISN 

0326 
0328 
0329 
0330 

033 1 
0332 

03 33 
0335 
033 7 
0339 
0340 
034 1 

IF! IS! I ) «EQ. 1ST! J) ) GO TO 792 
772. CQNJ_INUE_ 

WRITEI 6 . 782 ) I . I S( I ) 
782 FORMAT! '0'. 1 OX .'SOI 

1('»12.') NUT FCUND 
ISI.QP=1 

792 CONTINUE 

L TYPE OF • , 
IN SOIL LIST 

I2< •TH 
/) 

GECMETRY CROSS-SECTION CARD 

8 0 2 

9 0 2 

I F ( D E S C . E Q . N E X T ) I N E X T = 1 
J F ( _ P E S C . E Q . L A S T . I L A S T = 1 
I F ! I S T O P . E Q . 1 . W R I T E . 6 . 9 0 2 ) 
FORMAT! 
RETURN 
gND_ 

0 ' , 1 0 X , ' T H I S PROBLEM WILL NOT BE E X E C U T E D . ' , / ) 

U NIV F:' R SIT .'. D' O T T AW A 

Cf; Nl l.r D'i'.T OPMATI _U_ 



JlOI-VtJ-J I ' I I ' .' I N_. ) 

VMV1IU _. Ul^Li .Al .fl 

d 3 0 V 3 H 0 a V 3 X33H3 

**************************************************** *** >:*********j_**** 3 
3 
3 

( I •8J»£I?» I •839*+/V )lVWd03 £2 
(3N)"I3* ( JN)£lNl *i3N)2I'.I *1£A»1£X»12A•12X•II A•11X* 3S30( £2 * SJ_______3ja_ 

I+3N=3N _I 
3 

a a v 3 T T D H I D s a m i v d a v s a 3 
_ 3 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 3 
3 
3 

_ £ t . O l 09 ( 0 » 1 9 « OVUI ) 3 1 
3 

aav3 iN3S3aa H9no3Hi Nna isaid di >03H3 3 
3 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 3 
3 
3 

£1 I * 2 I I * 3 T * 3 I t>*a3931NI 
3 S 3 0 * I S * a 8 t . * a 3 9 3 1 N I 

n S T O S T ' Z d n * A X l » 3 a i 3 » 3 I O S , l d 0 3 * Z 3 I d t 1 0 1 » 3 N I 3 * l S V 3 * l X 3 N i?*a3931NI 
J * > I N V I _ « i • n » o 2 * a 3 9 3 i N i 

i N * / g w « r * i 4 s x M « i o s N • O N * z 3 i d N * N N * 3 N * 0 3 N ' o v b » * a v a r * j r ' d o i s i * a v a i * 7 6 
d I * l X 3 N I » N I W I * l S V . I * 3 I *03 I / X 3 9 / I S • dS • ..NV3P • 1 • n * 0 / 2 I > . B / ! S ) £ l N I * ( .5 )2 8 

i N i / > n a / ( o i ) I . N / 2 I » P / ( O I ) i s i •"(o.. ) D T S I * ( 0 £ ) s i *a*.*a*T."*z 
9 * S 3 / > 4 3 a / Z 3 I d « 3 I 0 S * 1 0 1 * l X 3 N « 3 N n * 1 S V T l d 0 3 • 3d I 3 * ! t - ) Z d 3 * ( S ) D 3 9 

1 » ( * ) 9 3 N * ( S ) A X 3 / t - I » _ / N 0 W W 0 3 
(S ) T 3 * ( 0 1 ) I 7 d A * (0 I ) 2 Z d X * ( 0 1 ) T Z d X « ( 0 1 ) S M ' ( 0 1 ) M M « ( 0 1 ) Z S . . . . . . . . . . « . . . _ . ___« - .« .» . . . . * _ _ - , . , — -

k£ 
. __. . . . , „ . . . . . , . , . . . 2 
• ( 0 l * S ) 9 I S * ( 0 I » 0 £ ) d d O d O * ( 0 l » 0 £ ) 9 A * ( 0 I , 0 r ) 0 X * ( 0 I « 0 ^ _ 

£ ) N I 3 d V , ( 0 l * 0 £ ) H V N V P » ( 0 I » 6 £ ) 3 V V » ! S ' S I * S I ) A 3 , ( S « S I ' S l ) X3/>nf./NOWW03 
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ISN 0057 103 FORMAT! '0' .15X ,• NUMBER OF FAILURE CIRCLE CARDS EXCEEDS SPECIFIED L 

__ __ 11MIJS5 ONLY. THE FIRST FIVE. ARE USED.'./) _ . 
ISN 0058 ISTOP=l 
ISN 0C59 RETURN 

C 
ivj C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

C 
C NOT A C I R C L E CARD: DETERMINE I F NEXT OR L A S T . 

I S N 0 0 6 0 "" " 6 3 ~ T S T 0 P = i 
I S N 0 0 6 1 I F I D E S C . N E . N E X T ) GC) TO 73 
I S N 0 0 6 3 I N E X T = 1 
I S N 0 0 6 4 _ . _.. _ _ __ RETURN 
I S N 0 0 6 5 73 I F ! D E S C . N E . L A S T ) GO TO 83 
I S N 0 0 6 7 I L A S T = 1 
I S N 0 0 6 8 RETURN 
I S N 0 0 6 9 _ __83 W R J X _ i 6 , 9 3 ) D E S C _ 
I S N 0 0 7 0 9 3 F O R M A T ! » 0 ' . 1 5 X . ' E H R L R I N F A I L U R E C I R C L E D E F E N I T I O N CARD HEADING OR 

1 NO LAST OR NEXT CAPO, CARD HEADER READS: 
I S N 0 C 7 1 RETURN 

_ __ LSN 0 07.2 END . _ „ 

r - ' l -i U N ' V r P M i i . D OTTAWA 
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jflil 
!___________L____. 

* I + 2 * * ( l ) 5 = V £100 MSI 
5XNM = 1 i/Q DO 2T00 MSI 

3 
__JNO_0NV._3-3dI3 JT S lOQd _3 4Vnn3_TV3 _3 

3 
*********************************************************** *********** 3 

3 
_ _ . 3 

(dN n3-9=d I 100 MSI 
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ISN OOl4 
J5N.0015 

ISN 0016 
CM 

ISN 0C17 

JSN__0019 

c 
.c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 

B=2.*!S! I)*(Y1II >-S< I >*XlI I )-G)-H) 
.. C=S(JL)*X1(I)*(S(I)*XHI)-2.*Y1!1)+2.*G)+G*(G-2.*Y1(I))+H**2 + Y1!I)* 
1*2-R**2 
D=B**?-4.*A*C 

-UPLINE CUTS CIRCLE. D WILL~BE POSITIVE GREATER THAN 6 

IFID.LE.O.)G0 TC 84 

_____ 

ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 

ISN 
ISN 

"""ISN" 
ISN 
ISN 
IS N 

ISN 
ISN 
ISN 
ISN 
ISN 

""ISN 
ISN 

0020 
0021 
0022 
0023 
0025 
0027 
0029 
0030 
0031 
0033 
0034 
0036 
0037 
0038 
0039 
0040 
0042 

0043 
0044 
0045 
0046 
0048 
0049 

0050 
0051 
0052 
0054 
0055 

0056 
0057 

24 

34 
44 

80 4_ 
814 

8_24 
54 

64 

INITIALISE COUNTER FOR EACH SIDE OF ROOT 

. KR=_1 

CHECK BOTH +SQRT(D) AND -SQRT(D) 

XC=7"rB+_.QRT(D) )/(2.*A)"" " 
GO TO 44 
XC=!-B-SURT!D) )/(2.*A) 
IF__AB_SI.X2._I )-XCJ .LT.0.001 )GO_XO_ 304 . _ 
IF(ABS!X1 II )-XC) .LT .0.001 ) XC=X1!I) 
IF((XI( I )-XC)/!X2( I )-XC) .GT .0.)GO TO 74 
GO TO 814 
j<;ĉ x2_a) ._ __ 
IF(K.EQ.0)GO TO 54 
DO 8 24 J=1.K 
IF(ABS(AIX(J)-XC).LT.0.001)GO TO 74 
_CCN.TJN.UE __ 
K=K + 1 
AIX(K)=XC 
AIY(K) = S(I)*XC-S(I )*X1( I )+Y 1 (I ) 
ILLD_,_LT_. 1 .) WRITE I 6.64) X1J I ) ,Y1! I )_,X2( I J .Y2! I ) .H,G,CL!NF) ( - .F8. 1 

.F8.1 . 
,F8.1. • 

.F8.1,') 
IS AL 
./) 

FORMAT! •0,.19X,'LINE (',FC. l.'.'.F8.1. 
IMOST TANGENT TO FAILURE CIRCLE ('.F8.1 

74 KR=KR4-1 
GO T0(24.34.e4 ) . KR _ __ 

84 NN=1 
IF(K.GT.0)GO TC 834 
WRITE(6.94)H.G,CL(NF) 

94 FORMAT! '0',15X,'FAILURE CIRCLE ( ' , F8 . 1 , • , • , F8 .1 ,•. •,F8. 1 , • ) DOES N 
lOT INTERSECT SLOPE.',/) 
KRAD=1 
RETURN 

834 IF(K.GT.1)GO TO 104 
WRITEf- .844 )H,G, Cl! NF) 

844 FORMAT! »0»,15X ,'CIRCLE («,F8 
IS SLOPE AT ONE PLINT. EXTENT 
2P EXECUTION OF THIS CIRCLjE.*. 
JRAD=1 
RETURN 

.1 . 
OF 
./) 

. ' .F8.1 . 
GEOMETRY 

.'.F8.1,') ONLY INTERSECT 
INSUFFICIENT.«,/,15X.«STO 

C 
C 
C 
c 

ISN 0058 
ISN 0059 

104 
114 

PUT INTERSECTIONS IN ORDER ACCORDING TO DECREASING X VALUE 

AX=-9400. 
DO 144 1=1.K ^ ^ _ ^ 

UNIVERSITC D'OTTAWA 
CEN.R! O IHH TtiyiATIOUE 
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cvj 
r . 
CM 

ISN 
ISN 
ISN 
ISN 
ISN 

0060 
0061 
0062 
0063 
0064 

JLSN _GQ65 
ISN 
ISN 
ISN 
_JSN 
ISN 
ISN 
ISN 

0066 
0067 
0068 
0069 
0071 
0073 
0074 

I S N 
I S N 
I S N 
I S N 
I S N 

ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
fSN 
ISN 
ISN 
ISN 
I SN 
ISN 
ISN 
ISN 
ISN 

ISN 
ISN 
ISN 
"I SN 

0075 
0076 
0077 
0078 
0079 

0C80 
0081 
0083 
0C34 
0C85 
0086 
0087 
0C89. 
0091 
0093 
0C94 
0095 
0C97 
0098 
01 00 
0101 
0102 
0103 
0104 
0105 
"01 06 

01C7 
01C9 
01 10 
0111 

C 
c 
c 
c 
c 
c 
c 

IF!AX-AIX(I))134.124.144 
124_A.IX( I )=-9500. _ __ 

GO TO 104 
134 AX=AIX! I ) 

AY=AIYI I ) 
144 CONTJNUE _ 

XLC!NN)=AX 
YLC!NN)=AY 
NN=NN+1 

_ IFLISN,LE.K)G0 TO 114 _ _ 
IF!NPIEZ.GT.0)GC TO 434 
IPZ=1 
RETURN 

*************************************«.******************************** 

CALCULATE INTERSECTICNS OF CIRCLE AND PIEZOMETRIC SURFACE 

434 K=0 
DO__2.34 I=1.NPIEZ _ _ _ 
A=SPZ!I)**2+l M = _»->.__. I 1 JP *=-__•»- I • 

B=2.*!SPZ!I)*(YPZ1(I)-SPZ(I)*XPZ1II)-G)-F) 
C=SPZ(I )*XPZ1(I)*ISPZ(I)*XPZ1!I )-2.*YPZ1( I)+2. 

1+H**2+YPZ1II)**2-R**2 _ 
* G ) + G * ( G - 2 . * Y P Z 1 ! I ) ) 

D = B * * 2 - 4 . * A * C 
I F ( O . L E . O . ) G O TO 2 3 4 
KR= 1 

184 X C = ( - B + S Q R T ! D ) ) / ( 2 . * A ) 
GO TO 2 0 4 
X C = ( - B - S O R T ( u ) ) / ! 2 . * A ) 194 

2 0 4 
A _ — % — a— o _ — i _ u ; ifytcmfni 
IF!ABS!XPZ2II)-XC).LT.O.001)GO TO 214 
LL(ABS( XPZ1( D-XC).LT.O.001) XC = XPZ1 ( I ) 
IF!(XPZl! I )-XC )/(XPZ?(I )-XC ) .GT.O.)GO T 
y~#-» i" _"i r_- r\ A 

214 
504 

GO TO 504 
XC=XPZ2II) 
IFJK.EQ.O ) 
DO 5 24 J=l 

O 224 

GO 
• K 

TO 514 

524 
514 

224 

GO TO 224 

C 
C 
C_ 
C 

ISN 0112 

IF! ABS! AIX!J)-XC).LT.O.001) 
CONTINUE 
K _K+J 
AIX!K)=XC 
AIY!K)=SPZ!I)*XC-SPZ(1)*XPZ1!I)+YPZ1(I) 
KR—K R + 1 

______I_OI 1.84. 194,234 ) .KR 
234 CONTINUE 

CHECK IF CIRCLE CUTS PIEZOMETRIC SURFACE 

IF!K .GT .1 )GO TO 444 
IPZ=1 

__WR_I__<6 .454)H.G,CL( NF ) 
454 FORMAfT'O'» 19X ,'FAILURE CIRCLE (»,F8 

lOT INTERSECT PIEZOMETRIC SURFACE: NO 
RETURN 

i ,f .*.F8.1 , », 
POREPRESSURE 

•VF6.1,') 
INFLUENCE 

DOES 
' ,/) 

UNIVLMSlrr D 017AWA 
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C 
_ C _ CHECK__EXTCNSION CF FIEZCMETRIC GEOMETRY 

C TO COVER PRESENT FAILURE CIRCLF 
C 

ISN 0113 444 Kl=K/2 
___ISN 0114 K2=KI*2 

ISN 0115 IF!K2.EQ.K)GO TO 494 
"> ISN 0117 JRAD=1 
£J ISN 0118 WRITE(0.484)H,G,CL( NT ) 

ISN 0119 „ _484.F0F<MAT! • 0' , 15X ,'PIEZUMLTRIC SURFACE DUES NUT EXTEND TO COVER I',F8 
1 .1.• ••»F8.1 .• . • ,F8. 1 , • ) FAILURE CIRCLE. • , /, lb X,•ST OP EXECUTION OF 
2THIS CIRCLE. • ,/) 

ISN 0120 RETURN 
_ _____ 

C DETERMINE F I R S T AND LAST I N T E R S E C T I O N ALONG P I E Z O M E T R I C SURFACE 
C 

4 9 4 _ X Q L U = - 9 4 0 Q . _ _ _ _ _ _ 
X P P = 1 0 0 0 0 . 
DO 2 5 4 1 = 1 . K 
I F ! A I X ! I ) . L E . X Q ! 1 ) ) G C TO 2 4 4 
X Q U J = A J X m _ _ _ 
Y Q ( 1 ) = A I Y ( I ) 
E Q ( 1 ) = A I Y ! I ) 

2 4 4 I F ( A IX ( I ) , G E . X P P ) G O TO 2 5 4 
_ JSPB^AIX(I) _ _ 

Y P P = A I Y ! I ) 
2 5 4 CONTINUE 

C 
_C __ _ _ 

c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
c 
C CALCULATE I N T E R S E C T I L N S OF C I R C L E AND EQL I P O T E N T I A L L I N E S 
C . .___ 
c 

K=0 
I F ! N E O . G T . 0 ) G O TC 2 8 4 
I £ Q = 1 _ 
RETURN 

284 DO 344 1=1.NEQ 
A=SE0!I)**2+l. 

ISN 
ISN 
ISN 
ISN 

_ _ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 

0121 
0122 
0123 
0124 
0126 
0127 
0128 
0129 
0131 
0132 
0133 

ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
I SN 

ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
I SN 
ISN 
TSN 
ISN 
ISN 
ISN 
ISN 
ISN 

0134 
0135 
0137 
0138 
0139 
0140 
014 1 
0142 

0143 
0144 
0146 
0147 
0148 
0149 
0150 
0152 
0154 
0156 
0158 
0159 
0160 
0162 

A=bEU t 1 . **«__ + l . 
B=2.*!SEQ! I)*(YQ1(I >-ShQ(I_)*XQl(I)-6)-H) 
C=SEQ(I )*XQ1 !I )*(SEO( I )*XQ1 !I )-2.*YQl( I ) + 2.*G)*-G*(G-2.*YO1( 1 ) )+H* 
*2+YQl!I)**2-R**2 1*2+YQ1!I)**2-R**2 
D=B**2-4.*A*C 
I_F(D.LE.O. )G0 TO 34 4. 

294 XC=(-B+SORT(D))/(2.*A) 
GO TO 314 

_04 XC=L-B_rSQRT(D) )/(2. *A) 
314 

A _ =_\__ _->_• 3 U K 1 I U I (/ICitfll 
I F ! A B S ! X Q 2 ! I ) - X C ) . L T . O . 0 0 1 ) G O TO 3 2 4 
I F ( A L S ( X Q 1 ( I ) - X C ) . L T . O . 0 0 1 ) X C = X Q l ! I ) 
I F ! (XQ1 ( I ) - X C ) / ( XO?( I ) - X C ) . G T . O . )GO TO 3 3 4 
IF_J__XCj.GE.XQ! 1 ) . O R . X C . L F . X P P ) GO T O _ 3 3 4 
rirt T n £.-.____ GO TO 534 

324 XC=XQ2I I ) 
534 IFIK.EQ.O) GO TO 5^4 

DO 554 J=1.K 

UMV.RJ'ITf H OTTAWA 
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CM 

I SN 
_ISis 
ISN 
ISN 
ISN 

_J_Si. 
ISN 
ISN 
ISN 

__I SN _ 

0163 
0165 
0166 
0167 
0168 
0169 
0170 
0171 
0172 
0173 

ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
I SN 
ISN 
ISN 
ISN 
ISN 
ISN 

0 174 
0175 
0176 
0177 
0179 
0180 
0181 
0182 
0183 
0184 
0165 
0186 
0187 
0188 
0189 
0190 
0191 
0192 
0193 
0194 
0195 
0196 
0197 
0199 
0200 
0201 
0202 
0203 

5 5 4. 
544 

334 

C 
c 
c 
_c__ 
c 

.3.4 A 

IF!ABS( AIX(J)-XC ) .LT.0.001 ) GO TO 334 
CONTINUE . 
K=K+ 1 
AIXI K )=XC 
A1Y!K) = SEQ! I )*XC-SLQ( I)*AQ1(I)+YQ1(I) 
_EVt_.)=ELQ(I ) _ _ . _ . . _ 
APIK)=SEQ!I) 
KR=KR+1 
GO T0I294,304.344) .KR 
C_0_NTINUE._ __ 

604 
354 
364 

374. 

384 

394 

PUT CIRCLE-EUU IPCTENTIALS IN DECREASING CRDEP 
_OR3T_AND L.AST ARE INTERSECTIONS WITH PIEZOMETRIC 

XQIK+2)=XPP 
YQIK.2)=YPP 

_E_at_c.+2i_=YPp _ __ 
IFIK.GT.0 1GO TO 604 
IEQ=1 
RETURN 

__Q=2_ _ .. _ __.. .. __ 
AX=-94'3 0. 
DO 394 1=1,K 
IF(AX-A IX(I) ) 384.374,394 

_ A1X! I ) = -9500. 
GO TO 354 
AX=A IX! I ) 
AY=AIY!I) 

__EL=EYU)_ _ .. _ _ . 
AI = AP!I ) 
CONTINUE 
XQ!NC)=AX 

__YO_( ___].(_) = AY _ . . . .. 
EQ!NC)=EL 
SQ!NQ)=AI 
NO=NG+l 

_IFJ.NQ_.LE. IK+1 ) )GC TC 364 
N Q - N Q - 1 
SQ( 1 ) = S Q ( 2 ) 
S O ! N _ + l ) = S Q ! N _ ) 

_RETWRN__ . . 
END 
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CM 
CM 

ISN 0 02.2 

ISN 0023 

_ISN 0 024 

ISN 0025 
ISN 0026 

_I_SN 0027 

ISN 0028 
ISN 0029 

JSN 0030 
ISN 0031 

ISN 0032 
ISN 0033 
.ISN 0 0 3 4 
ISN 0035 

ISN 0036 
ISK 0037 

ISN 00 3 H 
ISN 0039 
ISN 0040 
ISN J042 

C 

c 

c 
___ 

c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 

c 
c 
c 
c 
c 

c_ 
c 
c 
c 

c 
c 
c 
c 

ARC = TOTAL LENGTH OF FAILURE ARC 
__APC=Q. 

TTSS = TOTAL SHEAR STRESS 
TTSS=0. 
TTNES = TOTAL LFFLCTIVC STRESS 
T_TNES=0. 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * < * * * * * * * * * * * * * * * * * * * * * * * * * 

FOR" EACH"" PAIR CF I NTt FSECTING POINTS ALONG THE BASE 
OF A FAILURE CIRCLt. 

Nl_=_NO OF SLICES IN ANALYSED PART OF MULTIPLE FAILURE SURFACE 
N1 = NN 
DO 155 1=1.NN 

C 
C 
C 
C 
C 

C 
C 
C 

OETERMINE WIDTH Cl- SLICES BETWEEN TWO INTERSECTIONS 
(10 SLICES EACH) 

_BSJJ_)=JXLC! I)-XLC! 1 + 1) >*0.1 _ _ 

FOR EACH OF 10 SLICES BETWEEN TWO INTERSECTIONS 
DETERMINE COORDINATE OF CENTER UF eASE OF SLICE 

XBI = XLC (I)-BS!I)*C5 
DO 155 J=1.10 

OETERMINE AND STCFE COORDINATES OF CLNTEF OF BASE OF SLICE. 

_XBJJ »_J)=XBl _ _ 
YB! I . J)=G-SQRT(ABS(P**2-IH-XBII,J))**2)) 

DETERMINE LENGFT Cr ARC AT BASE OF SLICE _ 

XAM=XB! I.J)-0.5*ES!I) 
XAP=XB! I,J)+0.5*BS(I) 
_YAP=G-SORTI ABSIR**2-(H-XAP)**2) ) 
YAM=G-SGRTIAOS!R**2-(H-XAM)**2)) 
ARCIN = ARC LENGTH OF SLICE BASE 
ARC IN!I ,J) = R*?.*AFSIN!tSGRT( IXAM-XAP)**2+ !YAM-YAP)**2) )/!2*R) ) 
ARC=ARC+ARCIN(I.J) _ 

DETERMINE GEOMLTRY LINES CUT BY VERTICAL SLICE 

K = NO OF GLOMETKY LINES CUT BY SLICE ABCVL BASE 
K=0 
DO 5 5 L = l . N X S 
_ I F ( X 2 ( L J . E Q . X B ! I . J ) ) GC TO 15 
I F ! T X K L ) - X B ( I , J ) ) / ( X 2 ( L J - X B l I » J f ) . G T . O . ) GL TO b j 

DETERMINE YS. Y CCURUINATE OF INTERSECTION L. XB AND GEOMETRY LINE 

!!,|.i"ii.rl 
Uf.|v r T 
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CM 
CM 

ISN 
ISN 
ISN 

0044 
0045 
. 0 0.4.7 

ISN 0048 

ISN 
ISN. 
ISN 
ISN 
ISN 
.ISN 
ISN 

ISN 
ISN 

ISN 
ISN. 

ISN 
ISN 
ISN 
I SN 
ISN 
ISN 
"ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 

C 
C. 
C 

C 
_C_ 
C 
C 

DETERMINE IF YS IS ABOVE OR BELOW FAILURE SURFACE, STORE YS. 

15 
YS - ELEVATION OF VERTICAL LINE 
YS= S(L )*IXB( I , J)-X1(L) )+Yl (L) 
IF!YS.LE.YB(I.J)) GO TU 55 
..K=K.*1_. _ 
YST = STORED VALUE CF YS 
YST!K)=YS 

XB AND GECMETRY LINE 

0049 
0050 
0051 
0052 
0054 
.0 0.55. 
0056 

0 05 7 
0058 

0059 
.0 06.0. 

25 

35 

DETERMINE SOIL PROPERTIES AT INTERSECTION 

JCNT=0 
.0.0„2.5 _l _CNT = 1. « N SC L 
JCNT=JCNT+1 
I F ! I S ! L ) . E Q . I S T I J C N T ) ) GO TO 4b 
CONTINUE 

_WJ__.I_T.ei 6 j 3 S ) JS( L ) . X I ( L ) , Y 1 (L ).»X2( L L . Y2 ! L ) , L... 
FQRMAT( '0' •15X. • SOIL TYPE '.I2.' UNDER LINE 
[ »F8. 1 . • , • ,F8.1 ,• ) ON ',12,'TH CROSS-SECTICN 

C 
C 
C 
c 
c 

20R SLICE 
JRAQ=1 
RETURN 
IUJC = STORED 

45 IUJC(K)=JCNT 
5 5_._IM=_1 ... 

( » . F 8 . 1 . • * • , F 8 . 1 , • ) . ! • 
CARD C A N " T BE FOUND F 

C A L C U L A T I O N . ' , / , 1 5 X , ' S T O P EXECUTION CF T H I S C I R C L E . ' , / ) 

SOIL TYPE AT INTERSECTION OF S L I C E AND GEOMETRY 

DETERMINE I F C IRCLE CUTS 
_.I.F_.J<,.= 0... NO . S O I L ABOVE„UA: 

SLOPE SURFACE BETWEEN ENTRY AND E X I T P O I N T S . 
iE._.0.F SL.I .CE. . . BASE. OF SLLCE .ABOVE SURFACE 

I S N 0 0 6 1 
I S N 0 0 6 3 
I S N Q 0 6 4 
I S N 0 0 6 5 

I S N 0 0 6 6 
I S N 0 0 6 8 
I S N 0 C 6 9 

IFIK.GT .O.OR. IC.GT.0) GO TO 65 
N1=I-1 
WRI_TE!6*405)H,G,CL( NF ) , XLC ( 1 L» XLC I N 1 ) 

405 FORMAT! '6',15X ,'FAILURE CIRCLE !',F8.1.' 
1LOPE AT MORE THAN ONE FAILURE SURFACE.'. 
2E EACH SEPERATE PC ST I ON. • ./ , 1 5X, «X FRUM 

L F I N 1 . G T . O ) G O TC 4 1 5 
J R A D = i 
RETURN 

, 
/ 
I 

• ,F8 .1 
,15X,« 
,F8. 1, 

, ', ' 
PROG 
• TO 

,F8 
RAM 
', 

. 1. ' ) 
WILL 
F8. 1 

CUTS S 
ANALYS 
, ' . • ) 

c 
c 
c 
c 

PUT GEOMETRY-SLICE INTERSECTIONS IN DECREASING Y ORDER 

OC70 
0071 
0 072" 
0073 
0C74 
0C75 
0076 
0077 
0 0 7d 
0C79 
0080 
0081 
0 083 
0084 

85 

95 

65 AYY=-9400. 
75 DO 105 M=1.K 

IF ! A Y Y- Y S f ( NI j ) 
YSTIM)=-9500. 
GO TC 65 
AYY=YST!._. ) 
I JC=IUJCIM) 
CONTINUE 
YSS!MM)=AYY 
ISJC(MM)=IJC 
WM=MM+1 
IF(MM.LE.K) GO 
YSS(MM)=YBiI,J 

9 5,85,105 

105 

TC 75 

ISJC!MM)=ISJC( Î M-1 ) 
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-CM 

ISN 0124 GO TO 235 
ISN 0L25 135 TANP.HI I I » J) = ( T AU ! JNC , I 3 JC !MM) )-T AU i JNC-1 , I S JC !MM ) ) ) / !S I G ( JNC , I S JC ! 

1MM) )-SIG!JNC-1 . ISJC(MM) ) ) 
ISN 0126 235 TAUE ( I . J ) = T AU ( JNC . I S JC ( MN1 ) ) + (TANPH I ( I , J ) * ( EUS-S I G ( JNC . I S JC ( VM ) ) ) ) C 

C 
C ********************************************************************** 
C 
C CALCULATE PARTS CF EISHCP EQUATION 
C . _ _ _ _ 

ISN 0127 1235 P1( ISLC) = TAUEI I , J)*AFCIN(I ,J) 
ISN 0128 P2( ISLC ) = TANPHI( I , J )*ABS(SINAL/CUSAL) 
ISN 0129 TTSS=TTSS + GAMAH( I , J )*S I NAL*ABS!OS I I ) ) 

C __ _ 
c 
C DO NEXT SLICE 
C 

I„SN Q130 ___XflJHXB( I, J)-BS( I ) 
ISN 0131 155 ISLC=ISLC+1 

C 
c 

_ _ c •*•*••*••*»**»*****************»»************»*•***•***•••*•***•**•*•* 
c 
C CALCULATE FACTCR CF SAFETY C 

_ ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
I SN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
ISN 
I SN 
ISN 

~ ISN 
I SN 
ISN 

0132 
0133 
01 35 
0136 
0137 
0138 
0139 
0140 
014 1 
014 3 
0144 
0145 
0146 
0147 
0149 
0150 
015 I 
0153 
0154 
0 155 
0156 
0157 
0158 
0159 

0160 
0161 
0162 

415_J_1S__.C=N1*10_ 
IFIKRAO .EQ.l ) RETURN 
F0=2.0 

1415 INF=0 
ioo__e_cx=o.. _ _ __ . __ 

DO 175 I S L C = 1 . N S L C 
17 5 FNCT=FNCT + ( P 1 ( I S L C ) / ( 1 + ( P 2 ( I S L O / F O ) ) ) 

F S = F N C T / T T S S 
LFJ_ABS( F S - F O ) . L E . 0 . 0 0 5 ) GO_TO_205 _ __ 
I N r = I N F + l 
FX( I N F ) = F 0 
FY( I N F ) = F S 

_ _ F 0 = F S _ _ 
IFIINF.E0.2) GC TC 1015 
GO TO 1005 

1015 SLF=!FY!2)-FY( 1) )/(FX!2)-FX( 1 ) ) 
_ ^ i L L U _SLF) .LT .0.001 ) GO TO 1205__ 

F0=(FY(1)-(SLF*FX(1)))/(1.-SLF) 
GO TO 1415 

2 05 WRITE(6,215)FS.H,G,CL(NF),TTSS.ARC 
215 FORMAT! • • , 1 9X , F C . 3 , 3F1 0 . 2,JLX, 1 Fj 1 . O , 4X , F 9. 2 ) 

RETURN 
1205 WRITE(6.195) H.G.CL(NF) 
195 FORMAT( '0' ,15X. 'NO CONVERGENCE OF THE FACTOR OF SAFETY OF CIRCLE ( 

l',F8.1,'.'.F8.1.».«.F8.!.').«) _ 
JRAU~=1 
RETURN 
END 
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iH 

CM 

__ — 

ISN 
ISN 

ISN 
_I_S_N_ 

ISN 

0024 
0025 

0026 
0027 

0028 

^v_2__ 

WRITE(6.46) H.G.CL(Nf) 
_46 J^DFMAT! •_',15X,'PIEZOMETRIC SURFACE DOCS NOT EXTEND TO COVEP PRESE 

INT PROBLCM. • ,/,15X, 'FAILURC CIRCLE ( • ,F8. 1 ,• , •,F8. 1 ,•, • ,F8. 1 ,• ) WI 
2LL NCT BE EXECUTEC.•./) 
JRAO=l 
.RETURN 

C 
c 
C DETERMINE INTERStCTICN OF PIEZOMETRIC LINE AND SLICE CENTER 

56 YXB=YPZ1!IZ)+SFZ(IZ)*(XB(I,J)-XPZ1(IZ)) 
C 
C 
C _ ..DETERMINE POSITILN OF SLICE-_GEJM. INTERSECT. TU PIEZ. SURFACE 
C CALCULATE WEIGHT CF WATER OVERLYING SCIL. 
C 

ISN 0029 IF(YSS( 1 ) .LT . YXB ) GAMAH! I•J) = (YXB-YSS( 1 ) )*WD 
ISN 003 1 _Q_86__JN=1 .KG 
ISN 0032 IFIYSSIJN).GT.YXB) GO TO 6_~ 

C 
C 

_ C _ _ __AI_.J-._JPF SLICE BELOW P I tZCMETJRIC. SURF ACE 
C 

ISN 0034 GAMAHII ,J) = GAMAH{ I,J)+WS( ISJC(JN))*!YSS!JN)-YSS1JN + 1 )) 
ISN 0035 GO TO 86 

C _ _ _ _ _ _ _ _ 
c 
C TOP OF SLICE ABOVE PIEZOMETPIC SURFACE 
C 

ISN 0 03 6 _ 6_6_JF!J_SS__( JN+1 ) .GE..XB ) GO TO___7j6_._ 
C 
C 
C PIEZOMETRIC SURFACE CLTS THROUGH SLICE 

__ _ C . ._ „ _ 
ISN 0038 GAMAHII.J)=GAMAH!I,J)+WW.ISJCIJN))*1YSS(JN)-YX0)+WSIISJC!JN))*(YXB 

1-YSS!JN+1)) 
ISN 0039 GO TO 86 

_ C _____ 
c 
C ALL OF SLICE ELEMENT ABOVE PIEZOMETRIC SURFACE 
C 

ISN 0040 _ 76 _GAMj__H( I .J)=GAMAH( I , J)+WAI( ISJC! JN) ) * ! YSS( JNJ-YSSI JN + 1 )) 
~TSN 0041 ~ 86 CONTINUE 

C 
C 

_ C ***•*••************************»***•*******»******»»*»«»*»***»•**»**** 
_ 
C CALCULATE POREPRESSURE 
C 

ISN 0042 _ _ ___JFJ_iE?*NE'_1 , G 0 T C 9_6 _ 
C 
C 
C NO ECUIPOTCNTIAL LINES 
C POREPRESSURE GIVEN BY VERTICAL TO PIEZCMFTFIC SURFACE. 
C 

ISN 3044 IF!YSS( MM) ,LT.YXP)GC TO 20-
ISN 0046 RETURN 

C _____ 
VTHYi nrfT» h OTTAWA 
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C 
_._ C CALCULATE POREPRESSURE. F.ROM.VERT.I CAL EOUIPOTE NT I AL S 

C 
£_? ISN 0047 206 UPORP(I , J> = (YXB-YSS(MM> >*WJ 
ev, ISN 0048 RETURN 

_.__ ^ _ _ _.... 

C POREPRESSURE CALCULATLD FROM EQUIPOTENTIAL LINES 
C LOCATE EQUIPOTENTIAL INTERSECTIONS 

. C ON__CIRCLE DEI IN INC- BASE OF S L I C E 
C 

9 6 JN=0 
DO 1 0 6 I 1 = 1 ,NQ 
_JN=JN + 1 _ 
IF! AESI XQ! JN+1 )-xL_( I , J ) 7 .LT .0.001 ) GO TO 126 
IF!ABS(XQ!JN)-XB!I.J)).LT.O.001) GU TO 126 
IF(!XQIJN)-XB1 I ,J))/(XQ(JN+1 )-XB!I,J) ) .LT.O. ) GO TO 126 

106 CJ3NTINUE 
RETURN 

C 
C 
C__ __CALCJJLATE DISTANCE OF XB.Yi3_TO BOTH LINES 
C 

ISN 0060 126 DIST1 = ABS!!YB( I ,J)-YG(JN)+SQ!JN)*IXQ(JN)-XB(I ,J ) ))/SORT(SQ( JN)**2 + 
11.)) 

ISN 00 6 1 __ _CLIST2_ABS! IYB( I , J)-YQ( JN+JJ + SQ ! JN+1 )*(XO(JN+l)-XB( I.J) ) )/SQRT(SQ! J 
1N+1 )**2 + l .) . 

ISN 0062 RT=DIST1/IOIST1+DIST2) 
ISN 0063 OLY=EQ(JN)-EQIJN+1) 
ISN 0064 _. ____._E.QRPU . JJ=!EQ( JN ) - ( RT*DL Y )-YSS ( MM ) ) *WD 
ISN 0065 RETURN 
ISN 0066 END 

ISN 
ISN 
LSN. 
ISN 
ISN 
ISN 
ISN 
ISN 

0049 
0050 
0051 
0052 
0054 
0056 
0058 
0059 

fiilnl 
..... ....„ !jr-uvrRf;.i7r. .VOTTAWA 
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LEVEL 2 1 . H ( JUN 74 ) U S / J O U f-URTHAN H 

COMPILER OPTIONS - NAME NAME= M A I N , O P T = o 2 , L I N E C N T = 6 0 , S I Z L = 0 0 0 0 K , 
SOURCE , t L C D I C » N 0 H S T , D E C K , L O A D , M A P , N O C U I T , ID ,NOXREF 

CM 

C 
C ******************_J.****« ******************************** ************** 

i- C ********************************************************************** 

~ c 
ISN 0002 BLOCK DATA 

C 
C 

_ c **********************************************.*********************** 
c 
C SUBROUTINE BLOCK CATA - 7 - SLOAN 
C BLOCK DATA TO INITIALISE VALUES 
C COMMON BLOCK TC MAIN PROGRAM AND ALL SUBROUTINES 
C 

ISN 0003 IMPLICIT I NTEGER*?( I-N) 
ISN 0 0 04 COMMON/OLK/CX(15,15,5).CY(15.1o«5).AAC(30.10)»GAMAH(30.10).ARCIN(3 

10,10f,XO(30,10),VB(oO,10),UPORP(30,10),SIG(b,10), 
2TAUI5.10) .LQ!32) ,SQ(32) ,XG(32),YQ!_?2) ,TANPHI(30,1J),TAUEI30,10) 
3,BS!30) ,LLQ!30 ) ,S( 30) , _EQ(30) .XI 130) ,X2(3 0) , XLC(30) ,XQ1 (30) ,XQ2(30 
4),Y1 (30),Y2(30) .YLC(30) ,YQ1 (30) , YSS(30)/fcKI4/LSL(1 4)/BLK/CO(10) .SP 

_5Z(10),WW(10.,W_(10),XPZ1(10),XPZ2(10>,YPZ1(10),CLI5) 
ISN 0005 COMMON/BK I4/LXY< 5) , N<__G(4 > ,L 

6EQ(5),LPZ(4),CIRC,LGHT,LAST,LINE,NLXT,T0T,SCIL.PICZ/BLK/FS,C 
7,H,R,WD,IS( 3 0 ) , ISJCI 30),I ST(10)/OKI2/NM( 10)/BLK/IN1 

__82(5i,IN13(b)/BKI2/U,U,T,eLANK,BR,Sl/BLK/IfcU,IF,ILAST,IMIN»INEXT,TP 
9Z.IRAD. ISTOP.JF,JF AD , KRAD, f .EQ,NF,NN,NPIEZ,NQ,NSOL.MXS. I.J,MV,M1 

ISN 0006 INTEGER*2 O.U,T,ELANK,F 
ISN O0C7 INTEGER*2 NEG 
ISN 0008 ___|NTEGER*4 NEXT,LAST,LINE,TOT,PIEZ,EQPT,SOIL,CIRC,LXY,LPZ,LEQ ,LSL 
ISN 0009 INTEGEP*4 BR,SI 

C 
C 
C ********************.**:. ********************************************** 
C 
C DATA INIT1ALIZAT ICN 
C 

ISN 0010 _ DATANEXT/'NEXT* / , LAST/•LAST•/,LINE/•LINE•/ ,TOT/'T JT'/,PIEZ/'PIEZ« 
1/,EQPT/'EQPT'/,SOIL/'SOIL'/,CIRC/'CIRC'/,LXY/'Xl ', 'Yl' ,'X2« ,'Y2',« 
2S0IL'/,LPZ/'XPZ1 4 .'YPZl' ,'XPZ2« ,'YPZ2'/,LSL/' 1ST', 'WW ,'WS« ,'CO*,' 
3SJG1','TAU1','SIG2,,'TAL2','SIG3','TAU3','SIG4','TAU4','SIG5','TAU 
4^'/,LEQ/'XEQl » ,' Yf 01 • . • XEQ2 • , 'YEQ2' • 'EQLV'/ 

ISN 0011 "'"DATA NM/' 1 * ,'2 ' , ' 3' , • 4 • , »5' , ' 6' ,'7' ,'8' , ' 9» ,' 0'/ 
ISN 0012 DATA 0/•0•/«U/«U•/,T/'T•/.BLANK/• •/ 
I.N 0013 DATA BR/'BR•/,bI/•SI'/ 
ISN 0014 __ DATA NEG/' • , • N • , • E ' , • G • / _ 
I S N 0 J 1 5 END 

17 ' . .J U'l iv " ' ( ! t u or f-wA 
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Appendix C 

LIST OF VARIABLES USED IN FORTRAN VERSION 
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LIST OF VARIABLES 

name size location description 

INTER 

ACC 30,10 FOFS Main 

ACCM 30,10 Main 

Al INTER 

AIY 30 

AIX 30 

Ap 

ARC 

30 

INTER 

INTER 

INTER 

FOFS 

ARCIN 30,10 FOFS Main 

ARCM 30,10 Main 

AX INTER 

AY INTER 

=m2+l, part of the AX2+BX+C= form 
of the quadratic equation used to 
resolve the intersection of a cir­
cle and a line. 

zGAMAH, stored value of the total 
unit stress acting at the base of 
the slice. 

-ACC, the total weight of the slice 
of material in the geometry showing 
the lowest factor of safety. 

=AP (I), the slope of the equipoten­
tial line; this variable is used to 
put the intersections of circles 
and equipotential lines in decreas­
ing X-value order. 

=m-Xc-m'Xl+Yl, Y-coordinate of a 
circle-line intersection. 

=XC, X-coordinate of a circle-line 
intersection. 

=SEQ(30), slope of equipotential 
line; used to put the intersections 
of circles and equipotential lines 
in decreasing X-coordinate order. 

=ARC+ARCIN(I,J), total length of 
failure arc; initialised at 0. 

arc length of base of slice 

arc length of base of slice of fai­
lure geometry showing the lowest 
factor of safety, = ARCIN(I,J). 

maximum X value of circle-line in­
tersections found in scan; used 
to put intersections in decreasing 
X value order; initialised at 
-9400. 

Y-coordinate corresponding to the 
the maximum X value of circle-lines 
intersections found in scan; used 
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to put intersections in order ac­
cording to decreasing X value. 

AYY FOFS Y-coordinate of slice-geometry in­
tersections used as an intermediate 
step to put these in decreasing or­
der. 
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B INTER =2(m(Yl-m-Xl-G)-H), part of the 
AX2+BX+C=0 form of the quadratic 
equation used to resolve the in­
tersection of circles and lines. 

BLANK Data Main data variable, r '&•. 

BR Data Main data variable used to define bri-
tish system of units, _'BR'. 

BS 30 FOFS Main _(XLC(I)-XLC(I+1))*0.1, slice width 
used to calculate the factor of 
safety. 

BSM 30 Main =BS, width of slices of the geome­
try showing the lowest factor of 
safety. 
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INTER __m*Xl*(m*Xl-2Yl + 2G)+G*(G-2*Yl)+H2 + 

Yl2-R2, portion of the AX2+BX+C=0 
form of the quadratic equation used 
to resolve the intersections of 
circles and lines. 

INTER Main tangent level of failure circle on 
FOFS failure circle data card. 

XSECT FOFS cohesion or x' intercept of the 
Mohr-Coulomb envelope describing 
the soil shear strength on soil 
data cards (column 4). 

FOFS = cosine alpha, where alpha is the 
angle from vertical of the line 
uniting the center of the base of 
the slice and the center of the 
failure circle. 

XSECT sum of the T* intercepts of the 
Mohr-Coulomb envelope, column 4 
on the soil data cards, compared 
with the sum indicated on total 
card as an input check. 

FCIRC Main stored X-coordinate of failure cir­
cles center (failure circle grid 
points). 

Main =H, X-coordinate of center of fai­
lure circle generating the lowest 
calculated factor of safety. 

FCIRC Main stored Y-coordinate of failure cir­
cle centers (failure circle grid 
points). 

Main =G, Y-coordinate of center of fai­
lure circle generating the lowest 
calculated factor of safety. 
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INTER =B2-4*A*C, discriminant of the 
roots of the AX2-BX"C=0 form of 
the quadratic equation used to 
resolve the intersections of 
circles and lines. 

DESC 

DIST1 

Main 
..SECT 
FCIRC 

WEIGHT 

variable used to read and compa­
re alphanumerics on data cards: 
BR or SI in Main, LINE, PIEZ, 
EQPT, SOIL, CIRC, NEXT or LAST 
in XSECT, FCIRC or Main 

normal distance of center of base 
of slice to nearest equipotential 
line, EQPT line greater than cen­
ter of slice. 

DIST2 WEIGHT normal distance of center of base 
of slice / to nearest equipoten­
tial line having an X value less 
than the center. 

DLY WEIGHT 

DX12 

DX13 

DY12 

DY13 

CIRC 

CIRC 

CIRC 

CIRC 

difference in potential elevations 
of the two nearest equipotential 
lines of the center of the base 
of the slice. 

horizontal distance between incre­
ments from points one to two on 
failure circle grid. 

horizontal distance between incre­
ments from points one to three on 
failure circle grid. 

vertical distance between incre­
ments from points one to two on 
failure circle grid. 

vertical distance between incre­
ments from points one to three on 
failure circle grid. 
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EL INTER =EV(30), potential elevation of 

the equipotential line used to put 
intersections of circle and equi­
potential lines in decreasing X 
order. 

ELM Main =CL(NF), tangential level of fai­
lure circle generating the lowest 
calculated factor of safety. 

ELQ 30 XSECT INTER potential elevation of the equipo­
tential line; corresponds to the 
elevation of the intersection of 
the equipotential line and the 
piezometric surface; column 5 on 
the EQPT data cards. 

EQ 32 INTER WEIGHT stored potential elevation at the 
intersection of a failure circle 
and an equipotential line; inter­
sections ordered according to de­
creasing X value. 

=ABS(GAMAH*COSAL)-UPORP, effective 
unit stress acting normal to the 
base of the slice. 

=ELQ(30), variable used to put in­
tersections of circles and equipo­
tential lines in decreasing X value 
order; potential elevation of e-
quipotential line. 

EUS FOFS 

EV 30 INTER 



F 4,15,15,5 Main 

FMIN 

FNCT 

Main 

FOFS 

FO 

FS 

FX 

FOFS 

FOFS Main 

FOFS 

FY FOFS 

241 
mattrix used to store alphanume­
ric factors of safety in a grid 
corresponding to the coordinates 
of the centers of the failure cir­
cles . 

=FS, minimum factor of safety grea­
ter than zero calculated from a 
set of data; initialised at zero. 

=FNCT+(PI(ISLC)/(1+(P2/FO))) , 
function used for summing the nu­
merator of the Bishop modified 
equation. 

initial assumed factor of safety 
value used in computing FS. 

Calculated factor of safety. 

X-coordinate of the FO vs FS rela­
tionship; corresponds to the assu­
med value used in the computation 
of FS (FO). 

Y-coordinate of the FO vs FS rela­
tionship to the computed value 
(FS) in the computation of the 
factor of safety. 
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G FCIRC FOFS Y-coordinate of the center of the 

Main failure circle being used in com­
puted the factor of safety. 

GAMAH WEIGHT FOFS total unit weight of soil acting 
on base of slice. 
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H FCIRC FOFS X-coordinate of the center of the 

Main failure circle being used un com­
puting the factor of safety. 



112 

113 

IC 

CIRC 

CIRC 

FOFS 

IEQ Main INTER 

244 
=1N12(5), number of increments bet­
ween points one and two of the fai­
lure surface grid. 

=1N13(5), number of increments bet­
ween points one and three of the 
failure surface grid. 

tracer to determine if analysing 
other than first part of a multi­
ple failure surface; used to a 
reorder XLC for other than first 
part of failure surface. 

control, =0 failure surface cuts 
equipotential lines and porewater 
pressure is calculated from flow-
net, =1 failure surface does not 
cut EQPT lines and porewater pres­
sure is assumed from groundwater 
horizontal flow. 

If FCIRC counter for grid increments of 
failure circles from points one 
to two. 

IJC FOFS 

I LAST 

IN 

Main XSECT 
FCIRC 

Main 

IN12 5 FCIRC Main 

soil type at slice-geometry inter­
section; used as an intermediate 
step to put intersections in decrea­
sing Y order. 

control; =0 continue; =1 'LAST' 
card encountered: print out data 
for present run and sign off. 

variable used as an intermediate 
step to store factors of safety 
alphanumeric values according to 
the failure circle centers coor­
dinate grid. 

number of increments between points 
one ans two of grid on failure cir­
cle date card. 

IN13 5 FCIRC Main number of increments between points 
one and three of grid on failure 
circle data card. 

INEXT Main XSECT control; =0 continue; =1 'NEXT' 
FCIRC card encountered, print out data 

/ 



IPZ Main 

IRAD 

IS 

Main 

30 XSECT 
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for present run and reinitialise 
program for next run. 

INTER control; =0 failure surface cuts 
WEIGHT piezometric surface, porewater 

pressure influence; _1 failure sur­
face does not cut piezometric sur­
face, no porewater pressure influ­
ence. 

FCIRC control; =0 read a new radius card, 
if none end run, =1 continue with 
present radius card. 

INTER soil type below geometry line on 
FOFS 'LINE' card (column 5); specified 

limits 1 to 10 inclusive. 

ISJC 30 FOFS 

ISLC FOFS 

1ST 10 XSECT FOFS 

WEIGHT soil type at ordered intersection 
of slice and geometry line. 

slice number analysed in FOFS; 
initialised at one. 

soil type number on soil data card 
(column 1); specified limits from 
1 to 10 inclusive. 

ISTOP 

ISS 

ITS 

Main XSECT control; =0 continue; =1 stop ex-
FCIRC ecution of present run due to in­

put error. 

XSECT 

XSECT 

IUJC 30 

IZ 

FOFS 

WEIGHT 

sum of soil types on 'LINE' cards 
(column 5) and of soil type number 
on 'SOIL' cards (column 1). 

sum of soil types below geometry 
lines and of soil numbers as in­
dicated on the 'TOTAL' cards fol­
lowing 'LINE' and 'SOIL' data cards 
respectively. 

stored soil type at the intersec­
tion of the center of the slice and 
the soil geometry lines. 

=11, counter for piezometric line 
data (to go outside a doo-loop). 



JNCT 

JF 

JN 

FOFS 

FCIRC 

WEIGHT 
FOFS 
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soil type at intersection of center 
of slice and geometry line; stored 
as IUJC(30). 

counter for grid increments from 
points one to three. 

counter to determine between which 
circle-equipotentail line inter­
section falls center of base of 
slice (WEIGHT), and between which 
set of o"n'«T' points falls the 
computed effective unit stress 
(FOFS). 

JRAD Main INTER control; =0 continue; zl abnorma-
WEIGHT lity encountered at execution level 
FOFS with present data set, bypass rest 

of program and start a new failure 
circle. 



K 

K2 

INTER 
FOFS 

INTER 
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counter for number of geometry lines 
intersecting failure circle (INTER) 
and slice (FOFS). 

=KI*2, KI=F/2, K2=K if K is an even 
number; used to determine if the 
piezometric surface extends to co­
ver failure circle. 

KG WEIGHT =MM-1, number of intersections of 
center line of slice and of geome­
try lines above the base of the 
slice. 

KI INTER =K/2, number of circle-piezometric 
surface intersections divided by 
two; used to determine if piezo­
metric surface extends to cover 
failure circle. 

KR INTER counter to determine if both roots 
of the quadratic equation have been 
examined. 

KRAD Main INTER control; =0 comtinue; =1 failure 
circle does not intersect slope, 
bypass rest of program, print mes­
sage and start a new failure cir­
cle . 



Main DATA 
XSECT 
FCIRC 
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data variable used to compare al-
phanumerics indicating end of 
data set. 

XSECT Data data variable used in error messa­
ge to indicate in which equipoten­
tial data column a sum error has 
been encountered. 

XSECT Data data variable used in error message 
to indicate the code name of the 
piezometric data column in which 
a sum error has been encountered. 

XSECT Data data variable used in error messa­
ge to indicate the code name of 
the soil data column in which a 
sum error has been encountered. 

XSECT Data data variable used in error messa­
ge to indicate the code name of 
the line data column in which a 
sum error has been encountered. 
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MF FOFS =(FY(2)-FY(1))/(FX(2)-FX(1)), 
slope of the FO va FS linear rela­
tionship. 

MM FOFS WEIGHT counter for number of slice-geome­
try intersections; initialised at 
0. 



Nl FOFS Main 

NCOL 

NF 

NM 

NN 

NNM 

NPIEZ 

NQ 

NSLC 

NSOL 

NXS 

XSECT 

NEQ 

NEXT 

NEG 4 

Main 

Main 

Main 

XSECT 
INTER 

Data 
XSECT 
FCIRC 

Data 

Main FCIRC 

10 Main Data 

INTER FOFS 
Main 

Main 

Main 
XSECT 
INTER 
WEIGHT 

INTER WEIGHT 

FOFS 

Main XSECT 
FOFS 

Main XSECT 
INTER 
FOFS 
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z NN if only one failure surface 
is generated from a circle; number 
of circle-geometry intersection; 
used to modify NN if two or more 
failure surfaces per defined circle. 

number of column where error has 
been encountered in summing data 
cards. 

number of equipotential line cards 
as given on field definition card. 

data variable used to compare al­
phanumeric codes indicating that 
a new data set follows. 

data variable ='b', 'N', 'E', »G' 
used to indicate a negative factor 
of safety in printing the factor 
of safety mattrix. 

counter for radius cards, initia­
lised at 0. 

data variable equal from 1 to 0;1 

used to store alphanumerics in 
F(4,15,15,5). 

=NN-2(F0FS). = number of circle-
lines intersections +1. 

=NN, number of intervals between 
circle-lines intersections in the 
geometry of the lowest calculated 
factor of safety. 

number of piezometric surface cards 
as given on field definition card. 

number of circle-equipotential lines 
intersections. 

number of slices in final computa­
tion of the factor of safety. 

number of soil data cards as given 
on the field definition card. 

number of cross-section cards as 
given on the field definition card. 
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0 Main Data data variable = '0'. 
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PI 

P2 

30 FOFS 

30 FOFS 

PORM 30,10 Main 

PORPR FOFS Main 

=TAUE(I,J)*ARCIN(I,J), part one 
of the modified Bishop equation 
used to sum and compute FS. 

rSINAL*TANPHI(I,J)/COSAL, part 
two of the modified Bishop equa­
tion used to sum and compute FS. 

=PORPR, porewater pressure acting 
at the base of the slice of the 
geometry showing the lowest factor 
of safety. 

=UPORP, unit porewater pressure 
acting at the base of the slice. 



R FOFS Main 

RADM Main 

RT WEIGHT 
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=G-CL(NF), radius of failure cir­
cle. 

=R, radius of failure circle gene­
rating the lowest computed factor 
of safety. 

=DIST1/(DIST1+DIST2), ratio of the 
distance from the center of the 
base of slice to the nearest e-
quipotential lines. 



XSECT INTER 
FOFS 

XSECT INTER 

Main Data 

0 XSECT FOFS 

FOFS 

XSECT INTER 
WEIGHT 
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slope of the cross-section geo­
metry line. 

slope of equipotential lines. 

data variable used to define in­
ternational system of units. 

'n coordinate of the inflexion 
points defining the Mohr envelope 
of the soil shear strength on the 
soil data cards. 

sine alpha, sine of the angle from 
vertical of the line passing 
through the center of the base of 
the slice and the failure circle 
center. 

slope of piezometric surface line. 

INTER WEIGHT =AI, slope of geometry line at 
circle-line ordered intersections 
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T Main Data 

TAM 30,10 Main 

TANPHI 30,10 FOFS MAIN 

TAU 5,10 XSECT FOFS 

TAUE 30,10 FOFS Main 

TAUM 30,10 Main 

TC XSECT 

TITL 20 Main 

TNES FOFS Main 

TNESM 30,10 Main 

TTNES 

TTSS 

FOFS 

FOFS 

data variable _ 'T'. 

=TANPHI(I,J), tangent to the Mohr-
Coulomb failure envelope at the 
effective stress acting on the 
base of the slice for circle show­
ing the lowest computed factor of 
safety. 

slope of the line defining the 
soil shear strength. 

T' coordinate of the inflexion 
points defining the segments of 
the Mohr-Coulomb envelope descri­
bing the soil shear strength on 
the soil data cards. 

soil effective shear strength com­
puted from the Mohr-Coulomg enve­
lope and the effective normal. 
stress. 

=TAUE(I,J), effective shear strength 
of soil at base of slice for the 
circle showing the lowest factor 
of safety. 

sum of the x'-intercept of the 
soil strength envelope (column 4) 
on the soil data cards. 

problem title as written on title 
card. 

=EUS*ARCIN(I,J), total normal ef­
fective stress acting on base of 
slice. 

=TNES(I,J), total normal effective 
stress acting on the base of the 
slice of the geometry showing the 
lowest computed factor of safety. 

=TTNES+TNES, initialised at 0; 
total normal effective stress ac­
ting on failure surface. 

-TTSS+TSS, initialised at 0; total 
shear stress along failure surface. 
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TWS XSECT sum of soil saturated density (co-

lomn 3) on soil data cards 

TWW XSECT sum of soil wet density (column 2) 
on soil data cards. 
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U Main Data data variable s 'U', 

UPORP FOFS WEIGHT unit porewater pressure acting 
along base of slice. 
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Main WEIGHT water density, =1 if DESC=SI, s 
62.4 if DESC=BR. 

10 XSECT WEIGHT soil saturated density on soil da­
ta card (column 3). 

XSECT sum of soil saturated densities 
(column 3) as given on soil TOTAL 
card. 

10 XSECT WEIGHT soil wet density (column 2) on 
soil data cards. 

XSECT sum of soil wet densities (co­
lumn 2) as given on the soil TOTAL 
card. 



259 

XI 

X2 

X1T 

30 

30 

XSECT 

XSECT 

XSECT 
FCIRC 

INTER first X-coordinate of geometry 
FOFS line on cross-section card (co­

lumn 1) . 

INTER second X-coordinate of geometry 
FOFS line of cross-section card (co­

lumn 3) 

sum of first X-coordinate (column 
1) of geometry line on cross-sec­
tion line cards, piezometric data 
cards, equipotential data cards, 
piezometric data, and of an_ (co­
lumn 5) in soil data; first X-co­
ordinate (column 1) of grid defi­
ned on failure circle data cards. 

X2T XSECT 
FCIRC 

X3T XSECT 
FCIRC 

X4T 

X5T 

XAM 

XSECT 

XSECT 

FOFS 

sum of second X-coordinate (column 
3) as in X1T above, and of an'

2(co­
lumn 7) in soil data; second X-co-
dinate (column 7) of grid defined 
on circle data cards. 

sum of potential elevation of equi­
potential line (column 5) on equi­
potential data card, and of an

,3in 
soil data; third X-coordinate (co­
lumn 9) of grid defined on circle 
data cards. 

sum of an
,lf (column 11) on soil da­

ta cards. 

sum of an
r5(column 13) on soil da­

ta cards. 

=XB(I,J)-0.5*BS(I), X-coordinate of 
the extremity of the base of the 
slice farthest from origin; used to 
calculate the arc length of the ba­
se of the slice. 

XAP FOFS _XB(I,J)-0.5*BS(I), X-coordinate of 
the extremity of the base of the 
slice closest to the origin; used 
to calculate the arc length of the 
base of the slice. 

XB 30,10 FOFS Main 
WEIGHT 
FOFS 

X-coordinate of the center of the 
base of the slice-
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XBI FOFS 

XBM Main 

XC INTER 

=XLC(I)-BS(I)*0.5 for first compu­
tation, =XBI+BS(I) for all other 
computations of a same geometry; 
X-coordinate of the center of a 
slice used as an intermediate 
step to store same. 

=XB, X-coordinate of the centre of 
the base of the slice for the geo-
mtery showing the lowest factor 
of safety. 

=-B±/D, roots of the quadratic e-
quation used to resolve the inter­
sections of a circle and a line. 

XLC 30 INTER FOFS X-coordinate of ordered intersec­
tions of a circle and geometry 
lines. 

XPP 

XPZl 10 

XPZ2 10 

XQ 32 

INTER X-coordinate of the intersection 
of a circle and piezometruc lines 
having the lowest X value (last 
when ordered). 

XSECT INTER first X-coordinate of the piezome-
WEIGHT trie line on the piezometric data 

card (column 1). 

XSECT INTER second X-coordinate of the piezo-
WEIGHT metric on the piezometric data 

card (column 3) 

INTER WEIGHT X-coordinate of ordered intersec­
tions of a circle and equipoten­
tial lines. 

XQ1 30 

XQ2 30 

XS 

XSECT INTER 

XSECT INTER 

CIRC 

first X-coordinate of an equipo­
tential line on the equipotential 
data card (column 1). 

second X-coordinate of an equipo­
tential line on the equipotential 
data card (column 3). 

X-coordinate of increment steps 
from points one to three of the 
failure circle grid. 

XT1 XSECT sum of XI values (column 1) as gi­
ven on TOTAL card LINE, PIEZ and 
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XT 2 XSECT 

XT 3 XSECT 

XT4 

XT 5 

XSECT 

XSECT 

EQPT data, and for crn'l (column 5) 
for soil data. 

sum of X2 values (column 3) as 
given on TOTAL card for LINE, PIEZ 
and EQPT data and for an'2 (co­
lumn 7) for soil data. 

sum of potential elevation of e-
quipotential lines (column 5) and 
of On*3 (column 9) of soil data 
as given on TOTAL cards. 

sum of qn'4 (column 11) of soil 
data as given on the TOTAL card. 

sum of an'5 (column 13) of soil 
data as given on the TOTAL card. 
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Yl 

Y2 

Y1T 

30 

30 

XSECT 

XSECT 

XSECT 
FCIRC 

Y2T XSECT 
FCIRC 

Y3T XSECT 
FCIRC 

INTER first Y-coordinate of the geometry 
FOFS line on the cross-section cards 

(column 2). 

INTER second Y-coordinate of the geometry 
line on the cross-section cards 
(column 4). 

sum of the Y 1-coo-dinate (column 
2) of the geometry on LINE, PIEZ 
and EQPT data, and of x'l of SOIL 
data (column 6); first Y-coordi­
nate of the grid defined on cir­
cle data. 

sum of the Y2-coordinate (column 
4) of the geometry on LINE, PIEZ 
and EQPT data, and of x'2 of SOIL 
data (column 8); second Y-coordi­
nate. (column 4) of the grid defined 
on circle' cards. 

sum of the x'3 (column 10) of SOIL 
data and third Y-coordinate (column 
6) of the grid defined on circle 
cards. 

Y4T 

Y5T 

YAM 

XSECT 

XSECT 

FOFS 

YAP FOFS 

YB 

YBM 

30,10 FOFS Main 

Main 

sum of 
data. 

the x'4 (column 12) of SOIL 

sum of the x'5 (column 14) of SOIL 
data. 

_G-/| |R2-(H-XAM)2| |, Y-coordinate 
of the extremity of the base of the 
slice farthest from origin; used to 
calculate the arc length of the ba­
se of the slice. 

-G-/||R2-(H-XAM) 2||, Y-coordinate 
of the extremity of the base of 
the slice closest to the origin; 
used to calculate the arc length 
of the base of the slice. 

Y-coordinate of the center of the 
base of the slice. 

=YB, Y-coordinate of center of 
base of slice for the geometry 
showing the lowest factor of safe­
ty. 
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YLC 30 

YPP 

YPZl 10 

YPZ2 10 

YQ 32 

YSS 30 

YST 30 

YTl 

YT2 

INTER FOFS Y-coordinate of ordered inter­
sections of a circle and lines. 

INTER Y-coordinate of the intersections 
of a circle and piezometric lines 
having the lowest X value (order­
ed last). 

XSECT INTER first Y-coordinate of line on the 
WEIGHT piezometric data card (column 2). 

XSECT second Y-coordinate of the line on 
the piezometric data card (column 
4). 

YQl 

YQZ 

YS 

30 

30 

XSECT 

XSECT 

FCIRC 
FOFS 

INTER WEIGHT Y-coordinate of the ordered inter­
sections of a circle and equipoten­
tial lines. 

INTER first Y-coordinate of line on the 
equipotential data card (column 2). 

second Y-coordinate of line on the 
equipotential data card (column 4). 

Y-coordinate of increments from 
points, ont to three of failure 
circle grid and of the intersec­
tion of the slice and the geometry 
line (to determine if intersection 
is above slice). 

Y-coordinate of ordered slice-line 
intersection. 

stored value of YS, Y-coordinate 
of intersection of center of slice 
and geometry. 

sum of Yl values (column 2) for 
LINE, PIEZ and EQPT data, and of 
x'l (column 6) for SOIL data, as 
given on the TOTAL card. 

sum of Y2 values (column 4) for 
LINE, PIEZ and EQPT data, and of 
x'2 (column 8) for SOIL data, as 
given on the TOTAL card. 

FOFS 

FOFS 

XSECT 

XSECT 

YT3 XSECT sum of x'3 (column 10) of SOIL 
data, as given on the TOTAL card. 
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YT4 XSECT sum of x'4 (column 12) of SOIL 

data, as given on the TOTAL card. 

YT5 XSECT sum of x'5 (column 14) of SOIL 
data, as given on the TOTAL card. 

YXB WEIGHT Y-coordinate of intersections of 
piezometric lines and slice. 
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Appendix D 

LIST OF MESSAGES IN FORTRAN VERSION 
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"SLOPE STABILITY ANALYSIS - BISHOP'S MODIFIED METHOD OF 
SLICES" MAIN, line 13, format 11. 

"problem title" 

Main, line 24, format 41 

writes out on data sheet problem title card, according to 
data variable TITL(20) on a 20A4 format. 

"NUMBER OF CROSS-SECTION CARDS NXS (15) IS NOT WITHIN 
SPECIFIED LIMITS". 

Main, line 31, format 301 

Causes program interruption after scan of field definition 
card. 

"NUMBER OF SOIL CARDS NSOL (15) IS NOT WITHIN SPECIFIED LI­
MITS". 

Main, line 36, format 541. 

Causes program interruption after scan of field definition 
card. 

"NUMBER OF PIEZOMETRIC CARDS NPIEZ(IA) IS NOT WITHIN SPE­
CIFIED LIMITS." 

Main, line 41, format 901. 

Causes program interruption after scan of field definition 
card. 

"NUMBER OF EQUIPOTENTIAL CARDS NEQ (15) IS NOT WITHIN SPE­
CIFIED LIMITS." 

Main, line 44, format 911. 

Causes program interruption after scan of field definition 
card. 
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"INTERNATIONAL OR BRITISH SYSTEM NOT SPECIFIED ON FIELD 
DEFINITION CARD, SYSTEM DEFINED READS; A2" 

_.ain, line 45, format 501 

Causes program interruption. 

"NO PIEZOMETRIC SURFACE DATA - NO GROUDWATER INFLUENCE IN 
PRESENT PROBLEM." 

XSECT, line 77, format 20 2. 

No porewater pressure influence in present analysis be­
cause NPIEZ calue is zero or negative. 

"NO EQUIPOTENTIAL DATA - SOLUTION WILL ASSUME HORIZONTAL 
FLOW". 

XSECT, line 135, format 382. 

No flow net influence in present problem because NEQ va­
lue is zero or negative. 

"HEADER OF 12 TH EQUIPOTENTIAL DATA CARD IS INCORRECT AND 
READS: A4". 

XSECT, line 148, format 412. 

Header of equipotential card specified is not "EPQT" 
Correct header or NEQ value. 
Causes program interruption after scanning of rest of 
data. 

"LINE (F8.1, F8.1), F8.1, F8.) ON 12 TH EQUIPOTENTIAL CARD 
.IS VERTICAL". 

XSECT, line 155, format 432. 

The specified line is vertical. The slope of the line is 
equal to infitiny. The solution of the problem is inde­
terminate due to the Y=mX - b form of the linear equation. 
Redraw geometry with non vertical lines (maximum slope = 
100) . 
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'SLOPE OF EQUIPOTENTIAL LINE (F8.1, F8.1), (F8.1, F8.1) on 
12 TH CARD EXCEEDS 100. SOLUTION OF PROBLEM MAY BE INCORRECT." 

XSECT, line 160, format 452. 

Slope of specified equipotential line is greater than allow­
able by the precision of the program and.system. 
Redraw equipotential line with a flatter slope. 
No program interruption. 

"TOTAL CARD DOES NOT FOLLOW EQUIPOTENTIAL DATA, CARD HEADER 
READS: A4" 

XSECT, line 170, format 482. 

An incorrect header code has been encountered on the "TOTAL" 
card that should follow the equipotential data. 
Change to correct header, use correct NEQ value, or put cards 
in order. 
Causes program interruption after scanning of rest of data. 

"HEADER OF 12 TH CROSS-SECTION CARD IS INCORRECT AND READS: 
A4." 

XSECT, line 21, format 22. 

Header of cross-section geometry card is not "LINE". 
Correct header or NXS value. 
Causes program interruption after data scanning. 

"NO SOIL TYPE DEFINED ON 12 TH CROSS-SECTION CARD (15), "IS 
IS NOT WITHIN SPECIFIED LIMITS." 

XSECT, line 28, format 42. 

The value of "IS" is either less or equal to 0, or greater 
than 10; specified range is from 1 to 10 inclusively. 
Correct value on cross-section geometry card and on soil 
data card to a value within the specified range. 

Causes program interruption after scanning of data. 
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"SLOPE OF LINE (F8.1, F8.1), (F8.1, F8.1) ON 12 TH CROSS-
SECTION CARDS EXCEEDS 100. SOLUTION MAY BE INCORRECT." 

XSECT, line 38, format 82. 

Slope of cross-section geometru line is greater than al­
lowable by the precision of the program and system. 
Redraw line of geometry with a flatter slope. 
No program interruption. 

"TOTAL CARD DOES NOT FOLLOW CROSS-SECTION DATA' CARD HEADER 
READS: A4". 

XSECT, line 48, format 112. 

An incorrect header code has been encountered on the "TO­
TAL" card that should follow the cross-section data. 
Change to correct header, use correct NXS value, or put 
cards in order. 
Causes program interruption after data scanning. 

*A4 EQUIPOTENTIAL DATA COLUMN 12 DOES NOT MATCH TOTAL". 

XSECT, line 194, format 552. 

The value on the TOTAL card for the specified column is 
not equal to the sum of values on the equipotential cards 
for that column. 

A value mispunched by one space is a common error. 

"HEADER OF 12 TH SOIL CARD IS INCORRECT AND READS: A4". 

XSECT, line 216, format 582. 

The header of the soil data card is not soil. 
Correct header or NSOL value on field definition card. 
Causes interruption of program after scanning of rest of 
data. 
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'A4 SOIL DATA COLUMN 12 DOES NOT MATCH TOTAL'" 

XSECT, line 296, format 752. 

The value on the TOTAL card is not equal to the sum of values 
on the soil data cards for the specified column. 
Check values and sum. 
Mispunching of a value by one space is a common error. 

CROSS-SECTION DATA COLUMN 12 DOES NOT MATCH TOTAL". 

XSECT, line 72, format 182. 

Value on TOTAL card for column 12 is not equal to the sum of 
values on LINE cards for that column. 
A value mispunched by one space in a column is a common error. 

'HEADER OF 12 TH PIEZOMETRIC DATA CARD IS INCORRECT AND READS: 
A4". 

XSECT, line 89, format 232. 

The header of the piezometric data card is not PIEZ. 
Correct header or PIEZ value on field definition card. 
Causes interruption of program after scanning of data. 

"SLOPE OF PIEZOMETRIC LINE (F8,l, F8.1), (F8.1, F8.1) ON 12TH 
CARD EXCEEDS 100. SOLUTION OF PROBLEM MAY BE INCORRECT." 

XSECT, line 101, format 272. 

The slope of the specified piezometric line is greater than 
allowable by the precision of the program and system. 
Redraw piezometric line with a flatter slope. 
No program interruption. 

"LINE (F8.1, F8.1), (F8.1, F8.1) on 12 TH CROSS-SECTION CARD 
IS VERTICAL." 

XSECT, line 33, format 62. 

The specified line is vertical. The slope of the line is 
equal to infinity. The solution of the problem is indeter­
minate due to Y = mX + b form the linear equation. 
Redraw geometry with no vertical lines (maximum slope z 100). 
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"LINE (F8.1, F8.1), CF8.10, F8.1) on 12 TH PIEZOMETRIC 
CARD IS VERTICAL". 

XSECT, line 96, format 2 52. 

The specified line is vertical. The slope of the line is 
equal to inficity. The solution of the problem is inde­
terminate due to Y=mX - b form of the linear equation. 
Redraw geometry with no vertical lines (maximum slope= 
100) . 

"A4 PIEZOMETRIC DATA COLUMN 12 DOES NOT MATCH TOTAL." 

XSECT, line 130, format 362. 

The value on the total card is not equal to the sum of 
values on the piezometric data for the column specified. 
Check value and sum 
Mispunching of a value by one space is a common error. 

"SOIL TYPE OF 12 TH GEOMETRY CORSS-SECTION CARD (12) NOT 
FOUND IN SOIL LIST". 

XSECT, line 306, format 782. 

The soil type indicated on the specified cross-section geo­
metry card is not in the soil data. 
Check soil type specified. 

"THIS PROBLEM WILL NOT BE EXECUTED." 

XSECT, line 315, format 902 

An error causing program interruption has been encountered. 

"ERROR IN FAILURE CIRCLE DEFINITION CARD HEADING OR NO LAST 
OR NEXT CARD, CARD HEADER READS: A4" 

FCIRC, line 70, format 93. 

Header of card following the soil TOTAL card is neither 
CIRC, NEXT or LAST. 



Check data file. 
May be caused by either no CIRC cards or misplaced CIRC 
cards; 
Execution interrupted; no data printout 

NUMBER OF FAILURE CIRCLE CARDS EXCEEDS SPECIFIED LIMITS: 
ONLY THE FIRST FIVE ARE USED." 

FCIRC, line 57, format 103. 

Number of failure circle definition cards is greater than 
five. 
Only the first five cards will be used in the analysis. 
Caused by program memory restrictions. 

"PIEZOMETRIC SURFACE DOES NOT EXTEND TO COVER (F8.1, F8.1, 

F8.1) FAILURE CIRCLE." "STOP EXECUTION OF THIS CRICLE." 

INTER, line 109, format 484. 

The specified failure circle intersects the piezometric 
surface at an uneven number of points. 
The piezometric surface does nos cover the extent of the 
failure circle. 
The program will analyse the next failure circle. 

"FAILURE CIRCLE (F8.1, F8.1, F8.1) DOES NOT INTERSECT PIE­
ZOMETRIC SURFACE: NO POREWATER PRESSURE INFLUENCE. 

INTER, line 101, format 454. 

The failure circle does not intersect any of the segments 
defining the piezometric surface. 
The program will do a total stress analysis. 

"CIRCLE (F8.1, F8.1, F8.1) ONLY INTERSECTS SLOPE AT ONE 
POINT: EXTENT OF GEOMETRY INSUFFICIENT." "STOP EXECUTION 
OF THIS CIRCLE." 

INTER, line 55, format 844. 

The specified failure circle only intersects the slope 
geometry at one point; the line at this point is not tan-
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gent to the circle -
The geometry does not cover the extent of the failure 
circle. 
The program will analyse the next failure circle. 

"FAILURE CIRCLE (F8.1, F8.1, F8.1) DOES NOT INTERSECT SLOPE." 

INTER, line 49, format 94. 

The failure circle specified does not intersect any of the 
segments defining the slope geometry. 
The program will analyse the next failure circle. 

"LINE (F8.1, F8.1), (F8.1, F8.1) IS ALMOST TANGENT TO FAI­
LURE CIRCLE (F8.1, F8.1, F8.1)." 

INTER, line 42, format 64. 

The failure circle cuts the slope but the value of the 
discrement of the circle-line intersection is less than 
one. 

"EFFECTIVE UNIT STRESS VALUE LESS THAN ZERO (F8.1) AND HAS 
BEEN READJUSTED TO ZERO FOR THE FOLLOWING FAILURE CIRCLE." 

FOFS, line 95, format 915. 

The effective normal unit stress cannot be less than zero. 
The calculated value is less than zero and has been read­
justed to zero for calculation of the shear strength. 

"FAILURE CIRCLE (F8.1, F8.1, F8.1) CUTS SLOPE AT MORE THAN 
ONE FAILURE SURFACE. PROGRAM WILL ANALYSE EACH SEPARATE 
PORTION. " FROM F8.1 to F8.1M." 

FOFS, line 54, format 405 

The specified failure circle defines more than one failure 
surface with the slope geometry. 
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Each portion of the failure circle is analysed separately. 

'SOIL TYPE 12 UNDER LINE (F8.1, F8.1), (F8.1, F8.1) ON 12 
TH CROSS-SECTION CARD CAN'T BE FOUND FOR SLICE CALCULATION. 
STOP EXECUTION OF THE CIRCLE." 

FOFS, line 46, format 35. 

The message is a check for malfunctions in the storage 
procedure of the program. If it occurs the program should 
be examined for possible misreading of cards. 
The program will analyse the next failure circle. 

"EFFECTIVE UNIT STRESS VALUE LESS THAN ZERO (F8.1) AND HAS 
BEEN READJUSTED TO ZERO FOR THE FOLLOWING FAILURE CIRCLE." 

FOFS, line , format 915. 

The effective normal stress acting on the base of the sli­
ce is negative and has been replaced by zero for the rest 
of the computations. 

"PIEZOMETRIC SURFACE DOES NOT EXTEND TO COVER PRESENT PRO­
BLEM. FAILURE CIRCLE (F8.1, F8.1, F8.1) WILL NOT BE EXE­
CUTED ." 

WEIGHT, line 23, format 46. 

Failure circle extension greater than piezometric surface. 
Program will analyse next failure circle. 
This message will only be printed out if there is a mal­
function in the storage procedure of the program. If this 
occurs, the program should be examined for misreading of 
card. 
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Appendix E 

TI - 59 PROGRAM LISTING 
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SIOU TI - 59 PART "A" DATA INPUT 

REGISTER ACCOUNTING 

No slope surface points -1 X 100, no soil interface 
points -1 X 20, No piez points -1 XI. 
(N.B.: If last digit = 9, piezometric surface = 

slope surface). 

X(even) and Y (odd) coordinates describing the 
points defining the slope surface 
(maximum of 7 points allowed) 

X(even) and Y (odd) coordinates of the points 
defining the subsoil interface 
(maximum of 4 points allowed) 

X(even) and Y(odd.) coordinates of the points 
describing the piezometric surface 
(maximum of 5 points allowed) 
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SI PIT TI - 59 FART "A" DATA INPUT 

EQPT LINE "1" 

EQPT LINE "2" 

X(even) and Y(odd) coordinates of 
the points defining the four equi­
potential lines (maximum of 3 
points allowed per line). 
N.B. First point to be input 

EQPT LINE "3" for each line is the inter­
section with the piezometric 
surface. 

EPQT LINE "4" 



SIOU TI - 59 PART "A" DATA STORAGE 

278 

step program print .key 
out in 

remarks 

1 Read in side "1" of 
magnetic card Part "A" 

2 Read in side "2" of 
magnetic card Part "B" 

A To initialise the pro­
gram - Read in slope 
data 

0 
2 
3 
5 
7 
9 
10 

12 
14 

15 
16 
18 
20 
21 
23 

24 
25 
26 
28 
30 
32 

33 
34 
36 
38 

2nd Lbl A 
CLR 
2nd Op 02 
2nd Op 03 
2nd Op 04 
2nd CMS 
1 X * t 

GTO A' 
2nd Lbl 

2nd C 
1 +/-
STO 02 
CLR 
2nd Op 02 
2nd Lbl 

2nd B' 
2nd Adv 
44 
2nd Op 01 
2nd Op 05 
R/S 

2nd Prt 
STO 2nd Ind 03 
2nd Op 23 
2nd Adv 

Clear print registers 
Clear Print registers 
Clear print registers 
Clear print registers 
Clear data memory 
Initialise T-register 
at 1 

Subroutine c' •+• to in­
itialise R2 at -2 
(counter for number of 
pairs of prints). 

Subroutine B' -̂  
in and store X 
coordinates 

• to read 
and Y -

X-coordinate of point: 
for end of file or if 

Xi, no data, press: -B at 
R/S the end of the "slope" 

data 
-C at 

the end of the "soil" 
data 



SIOU TI - 59 PART "A" DATA STORAGE 
279 

step 

39 45 
41 2nd 
43 2nd 
45 R/S 
46 2nd 
47 STO 
49 2nd 
51 2nd 
53 INV 

program 

Op 01 
Op 05 

Prt 
2nd Ind 03 
Op 22 
Op 23 
SBR 

print key 
out in 

Y 
Yi, 
R/S 

remarks 

-D at 
the end of the "piez" 
data. 

-D' if 
"piez" is equal to 
"slope" 

-E at 
the end of an equipo­
tential line 

54 
55 
56 
57 
59 
65 
68 
74 
77 
83 
86 
89 
90 
91 
92 
93 
101 
103 
105 
107 
109 
111 
114 
115 
118 
119 

2nd Lbl 
E 
5 
SUM 02 
42- RCL 03= 
2nd X>t 276 
48 Rcl 03-
2nd X>t 28 5 
54 -RCL 03= 
2nd X>t 294 
GTO 303 
2nd Lbl 
STO 
2nd Adv 
2nd Adv 
17343337 
2nd Op 01 

Op 05 
2nd C 
2nd B' 
02 

-E' at 
the end of all equipo­
tential lines or if no_ 
groundwater data. 

Y-coordinate of point 

2nd 
SBR 
SBR 
RCL 
-1 = 
INV 
2nd 
INV 
2nd 

EQPT 

X=t 
SBR 
Lbl 

107 

120 2nd A' 

Read in slope surface 
data (maximum 7 points) 



SIOU TI - 59 PART "A" DATA STORAGE 
280 

step 

121 
131 
133 
135 
136 
138 
140 
142 
144 
147 
151 

152 
153 
155 
156 

158 
163 
165 
166 
167 
175 
177 
179 
181 
183 
185 
187 
189 
192 
193 
196 

198 
200 
203 
204 
206 

program 

3627323317 
2nd 
2nd 
4 
STO 
SBR 
SBR 
RCL 
-5 = 
Inv 
2nd 

B 
RCL 
INV 
2nd 

Op 01 
Op 05 

03 
2nd 
2nd 
02 

2nd 
Lbl 

02 

X_.t 

X 100= 
STO 
2nd 
2nd 

00 
Adv 
Adv 

C 
B' 

X=t 140 

A 

36322427 
2nd 
2nd 
18 
STO 
SBR 
SBR 
RCL 
-2 = 
INV 
2nd 
2nd 

RCL 
2nd 
0 
STO 
RCL 

Op 01 
Op 05 

03 
2nd 
2nd 
02 

X«t 
Lbl 

02 
x>t 

02 
02 

C 
B' 

185 
C 

206 

print 
out 

SLOPE 

SOIL 

key remarks 
in 

Read in subsoil inter­
face (maximum 4 points] 

Program will not exe­
cute if less than 2 
sets of slope surface 
points 

To read in piezometric 
surface (maximum 5 
points) 



SIOU TI - 59 PART "A"' DATA STORAGE 

281 

step 

208 
212 
214 
215 
216 
224 
226 
228 
230 
232 
234 
236 
238 
241 
242 
245 

247 
249 
252 
253 
256 

257 
258 
259 
261 
262 
264 
269 
271 
272 
274 
276 
278 
280 
281 
283 
285 
287 
289 

X 1C 
SUM 
2nd 
2nd 

program 

) = 
00 
Adv 
Adv 

33241746 
2nd 
2nd 
26 
STO 
SBR 
SBR 
RCL 
-3 = 
INV 
2nd 
2nd 

RCL 
2nd 
0 
GTO 
2nd 

end 
9 
SUM 
2nd 
SUM 
36 
STO 
2 
2nd 
SBR 
42 
STO 
3 
2nd 
SBR 
48 
STO 
4 

Op 01 
Op 05 

03 
2nd C 
2nd B' 
02 

X=t 234 
Lbl D 

02 
X>t 262 

262 
Lbl 

D' 

00 
E' 
00 

03 

Op 0 2 
STO 

03 

Op 02 
STO 

03 

print 
out 

PIEZ 

1 

2 

key remarks 
in 

To read in equipoten­
tial lines (maximum 4 
lines of 3 points each' 

Piezometric surface e-
qual to slope surface 

Equipotential line 1 

Equipotential line 2 

Equipotential line 3 



SIOU TI - 59 PART "A" DATA STORAGE 

282 

step 

290 
292 
294 
296 
298 
299 
301 
303 
304 
305 
315 
317 
325 
327 
335 
337 
339 
340 
341 

342 
350 
352 
354 
355 
356 
357 
367 
369 
379 
381 
391 
393 
395 
396 

397 
407 
409 
411 
413 
414 

program 

2nd Op 0 2 
SBR STO 
54 
STO 03 
5 
2nd Op 02 
SBR STO 
2nd Lbl 
2nd E' 
4335243717 
2nd Op 01 
16133713 
2nd Op 02 
14260005 
2nd Op 0 3 
2nd Op 05 
4 
2nd Write 
R/S 

14260004 
2nd Op 03 
2nd Op 0 5 
3 
2nd Write 
R/S 
3517131600 
2nd Op 01 
3335220014 
2nd Op 0 2 
0014260002 
2nd Op 03 
2nd Op 0 5 
1 
R/S 

0014260003 
2nd Op 03 
2nd Op 0 5 
CLR 
2nd Op 0 2 
2nd Op 03 

print 
out 

3 

4 

WRITE 

DATA 

BK 4 

BK 3 

READ 

PRG B 

BK 1 

BK 2 

key 
in 

R/S 

R/S 

R/S 

remarks 

Equipotential line 4 

Insert data card side 
4 and press R/S 

Insert data card side 
3 and press R/S 

Insert side I of mag-
natic card part "MB" 
press R/S 
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283 

step program print key remarks 
out in 

416 2 
417 2nd CP Zero T-register 
418 R/S Insert side 2 of mag­

netic card, part "B" 
419 Ready to execute part 

"B" 
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SIOU TI - 59 PART • _.' FCIRC 

REGISTER ACCOUNTING 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 

15 
6 
7 
8 

19 
20 
1 
2 
3 
4 
25 
6 
7 
8 

29 
30 
1 
2 
3 
4 

35 
6 
7 
8 

39 
40 
1 
2 
3 

Nsi, Nso, Npz 

Slope coordinates 

Soil coordinates 

Piezometric coordinates 

Eyi 
Ex 2 
Ey2 
Ex 3 

EY3 
Ex 4 
Ey4 

X-coordinates of circle EQPT line intersection 
and corresponding EQPT level. 



SIOU TI - 59 PART"B" FCIRC 

REGISTER ACCOUNTING 

4 NEQ -> No of EQPT-circle intersection 
45 Xbi 
6 
7 
8 
49 
50 
1 
2 
3 
4 
55 CX 
6 CY 
7 R 
8 No of slope points -1 
59 BS -*- Slice width 
60 CX 
1 CY 
2 R 
3 y_T 
4 2A 
65 -B 
6 Xi 

8 X2 
69 m 
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SIOU TI - 59 PART "B" FCIRC 

step 

0 
1 

2 
4 

5 
6 
8 
10 
11 

12 
13 
15 
19 
22 
24 
27 
30 
33 
36 
39 
41 
42 

43 
44 
46 
48 
49 
51 
53 
56 
59 
61 
64 
66 

2nd 
E 

2nd 
R/S 

2nd 
STO 
2nd 
Inv 
2nd 

D 
STO 

program 

Lbl 

Op 0 5 

Prt 
2nd Ind 
Op 23 
SBR 
Lbl 

2nd Ind 
-RCL 68-
2nd 
RCL 

X=t 039 
66 

03 

02 

-RCL 2nd Ind 0 2 • 
)*( 
RCL 
RCL 
2nd 
2nd 
Inv 
2nd 

C 
RCL 
STO 
2 
SUM 
RCL 
STO 
RCL 
STO 
2nd 
2nd 
RCL 

68-
2nd Ind 
X>t 043 
Op 2 2 
SBR 
Lbl 

2nd Ind 
66 

03 
2nd Ind 
68-
66 = 
69 
X=t 85 
Op 33 
2nd Ind 

02 = 

03 

03 

03 

print key 
out in 

Xi,Yi 
ti, 
R/S 

remarks 

Subroutine to read and 
store data 

Center X, centre Y and 
radius 

Subroutine to determine 
and store intersections 
of the failure circle 
and segments 

Subroutine to calculate 
circle line roots 

Recall Xi 

*2 - X x 

Recall Y. 
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287 

step program 

68 
70 
71 
73 
75 
79 
82 
85 
88 
92 
95 
98 
101 
104 
106 
108 
110 
112 
114 
115 
118 
120 
123 
126 
129 
133 
136 
138 
141 
143 
146 
149 
153 
156 
158 
161 
164 
166 
169 
173 
175 
178 
179 

STO 67 
2 
SUM 03 
RCL 2nd Ind 03 
-RCL 67= 
T RCL 69 
= STO 69 
x 2 x 
(RCL 67-
RCL 69 x 
RCL 66-
RCL 61) 
-2 x 
RCL 60 

= •/-
STO 65 
2x 
RCL 69 
X2 

*• 2 = 
STO 64 
RCL 65 X 2 

- 2 x 
RCL 64 x 
(RCL 69 x 
RCL 66x 
(CE 
- 2 x 
RCL 67 
+ 2 x 
RCL 61) 
+RCL 61 x 
(CE -
2 x 
RCL 67) 
•RCL 60 
X 2 + 
RCL 67 X 2 

-RCL 62 X 2 

= +/-
2nd X>t 20 2 
• /-
/X 

print key remarks 
out in 

Recall Y 2 

Slope of line 

-B of quadratic equatio. 

2A 

D of quadratic equation 
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288 

step 

180 
182 
186 
190 
191 
194 
197 
201 
202 
204 
205 

206 
207 
208 

210 
212 
214 
218 
220 
221 
225 
227 
228 
230 
232 

program 

STO 63 
+RCL 65) 
-RCL 64= 
D 
RCL 65-
RCL 63) 
TRCL 64-
D 
2nd Op 33 
Inv SBR 
2nd Lbl 

A 
7 
2nd Op 17 

60 
STO 03 
1544 
2nd Op 01 
E 
1545 
2nd Op 01 
E 
35 
2nd Op 01 
E 

print key 
out in 

A 

CX 

CY 

R 

remarks 

233 
235 
237 
239 

241 
243 
244 
246 
248 
251 
254 

37 
STO 
36 
STO 

STO 
C 
RCL 
STO 
RCL 
Rcl 
2nd 

01 

02 

03 

67 
2nd 
02-
01 = 
X>t 

Ind 01 

273 

Press "A" to initiate 
the program 

To expand data memory 
to 70 registers 

Calculate the equipoten­
tial lines-circle inter­
sections Ri ->- counter to 
store data (intersection) 

R2 & R3 -»• counters to 
recal coordinates 
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289 

step program print key 
out in 

remarks 

257 
258 
259 
261 
264 
267 
270 
273 
274 
276 
278 
280 
282 
284 
287 
290 
293 
295 
298 
301 
303 

305 
307 
308 
310 
311 
314 
317 
320 
322 
327 
328 
330 
333 
335 
338 
342 
345 
348 

C 
2 
SUM 
RCL 
RCL 
2nd 
GTO 
4 
SUM 
2nd 
RCL 
STO 
2nd 
56-
RCL 
2nd 
RCL 
.2-
18 = 
STO 
45 

STO 
4 
STO 
C 
RCL 
47 = 
2nd 
RCL 

03 
02-
01 = 
X_t 276 

284 

03 
op ; 
01 
02 
op ; 

03 = 
x_t 
02 

44 

02 

03 

02-

X>t 
00 

.100) 
2nd 
STO 

Int 
58 

-RCL 03 
.2 
+ 1--
Inv 
46-
RCL 
2nd 

2nd 

02 = 
X_t 

21 

21 

243 

351 

X=t 

210 

Calculate the equipo­
tential lines circle 
intersections. 

310 
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290 

step program print key remarks 
out in 

351 RCL 45-
354 RCL 46) 
357 .10= 
361 STO 59 
363 RCL 45-
366 RCL 59 
368 T2= 
371 STO 45 
373 RCL 60 Place failure circle 

data in permanent part 
55 - of data memory". 
61 
56 
62 
57 

Reduce data memory to 
60 registers 

386 2nd Op 17 
388 1 
389 2nd Prt 
390 R/S R/S Read in side 1 of mag­

netic card part "C" -
Press R/S 

391 2 
392 2nd Prt Read in side 2 of mag­

netic card part "C" 
383 R/S 

375 
377 
379 
381 
383. 
385 

STO 
RCL 
STO 
RCL 
STO 
6 



SIOU TI - 59 Part "C" INTER 
291 

REGISTER ACCOUNTING 

Slice-soil 
Y-intersection 

Slice-piezometric 
Y-intersection 

Slice-slope 
Y-intersection 

40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 

Circle-Eqpt intersections 
(X) & piezometric ratio. 

No circle-eqpt inter 

X coordinate of center 
of base of slice 

CX 
CY 
R 
No of slope surface seg­
ments 
Slice width 

Slice slope 
Y-intersection 

Counters 

Free for program 



SIOU TI-59 PART "C" INTER 
292 

step 

0 
1 
2 
3 
5 
7 
8 
10 
13 
16 
19 
20 

21 
22 
25 
28 
31 
33 
36 
39 
43 
46 
49 
52 
54 
55 
57 
59 
62 
65 
69 
71 
73 
76 
79 
81 
82 
85 
87 
88 
90 
91 
92 

2nd 
C 
0 
Sto 
2nd 
1 
Sum 
54-
RCL 
2nd 
Inv 
2nd 

B 
RCL 
RCL 
2nd 
STO 
RCL 
RCL 

program 

Lbl 

2nd Ind 
Op 21 

71 

01 = 
x>t 
SBR 
Lbl 

2nd 
2nd 
x=t 
72 
2nd 
2nd 

002 

Ind 
Ind 
046 

Ind 
Ind 

* RCL 72: 
2nd 
RCL 
RCL 
STO 
1 
SUM 
SUM 
RCL 
RCL 

x>t 
2nd 
2nd 
72 

70 
02 
2nd 
2nd 

091 
Ind 
Ind 

Ind 
Ind 

. RCL 72= 
2nd 
'*( 
RCL 
RCL 
2nd 
+ 
RCL 
STO 
1 
SUM 
Inv 
2 
SUM 

Op 32 

2nd 
2nd 

Ind 
Ind 

Op 22 

2nd 
2nd 

71 
SBR 

02 

Ind 
Ind 

71 

70-
01 = 

02-
01 = 

70-
02 = 

70-
02 = 

01-
02 = 

02 = 
71 

print key remarks 
out in 

Subroutine to calculat. 
slice-geometry inter­
sections . 

XP2 
X2 - X b 

(Xi - X b) / (X2 - xb) 

Slope of line 

m x (Xb - Xi) 

m x (xb 4 Xi) + Y X 



SIOU TI - 59 PART "C" INTER 
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step program print key 
out in 

remarks 

94 
96 
99 

101 
102 

104 
106 
108 

110 
112 
113 
115 

116 
118 
119 
122 
125 
128 
130 
134 
136 
138 
141 
143 
145 

146 
148 
150 
154 
155 
158 

162 
164 
167 
169 
171 
173 
175 

SUM 
GTO 
2nd 

8 
2nd 

45 
STO 
60 

STO 
4 
STO 
6 

STO 
B 
54-
RCL 
2nd 
RCL 

70 
022 
Lbl A 

Op 17 

01 

71 

02 

70 

01 = 
X=t 141 
2nd Ind 01 

- RCL 59= 
2nd 
STO 
GTO 
45 
STO 
6 

STO 
RCL 

Op 21 
2nd Ind 01 
112 

01 

71 
00 

-T 10 = 
2nd Int 
- RCL 58 
x 1C 

STO 
2nd 
18 
STO 
20 
STO 
B 

) -

73 
X=t 190 

02 

70 

Press "A" to initialise 
program 

Expand data memory to 
80 registers 

Xb counter 
Slice-slope intersec­
tion counter 

R2 & R70, segments co­
ordinates 

Call subroutine B 

Check for last slice 

Xb 

Counter to store slice-
soil intersection 

No. of subsoil inter­
face segments 



SIOU TI - 59 PART "C" INTER 
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step 

176 
178 
181 
184 
187 
190 
191 
193 
195 
197 
199 
202 
204 
209 
211 
215 

218 
221 
224 
226 
228 
230 
232 
233 
235 
238 
241 
244 
247 

249 
251 
253 
255 
256 
258 
260 
263 
266 
269 

2nd 
54-
RCL 
2nd 
GTO 
C 
45 
STO 
16 
STO 
RCL 
RCL 

pre igram 

Op 21 

01 = 
X>t 
191 

01 

71 
00-
58 

x 100-
RCL 73 
x 10 = 
2nd 

-8 = 
2nd 
26 
STO 
28 
STO 
B 
2nd 
54-
RCL 
2nd 
GTO 
60 

STO 
RCL 
STO 
1 
SUM 
SUM 
69-
RCL 
2nd 
36 

X=t 

X>t 

02 

70 

op ; 

01 = 
x>t 
269 

01 
2nd 
2nd 

01 
71 

01: 
x>t 

167 

311 

247 

11 

224 

Ind 01 
Ind 71 

251 

print key remarks 
out in 

If greater than 4, hy­
drostatic with piez = 
slope surface 

If hydrostatic and 
slope = piez, transfer 
same data 
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SIOU T I - 5 9 PART "C" INTER 

step 

271 
273 

277 

280 
290 
292 
294 
295 
296 
299 
310 
311 
312 

313 
315 
317 

318 
320 

322 
324 
326 
328 
330 
332 
334 
336 
339 
342 
345 

346 
348 

349 
350 
351 

STO 
RCL 

2nd 

program 

01 
44 

X=t 312 

4333330002 
2nd 
2nd 
1 
R/S 
GTO 

C 
1 

STO 
STO 
7 

2nd 
60 

STO 
26 
STO 
RCL 
STO 
2nd 
2nd 
35-
RCL 
2nd 
6 

2nd 
1 

2nd 
R/S 
2 

Op 01 
Op 05 

099 

44 
37 

Op 17 

00 

01 
2nd Ind 00 
2nd Ind 01 
Op 20 
Op 21 

01« 
Xit 328 

Op 17 

Prt 

print key 
out in 

1 
R/S 

2 

remarks 

No of circle-equipo­
tential int. 
No circle-equipotential 
intersections. 

Ratio =1 for vertical 
or no equipotentials. 

Reduce data memory to 
70 registers. 

Put slice-slope inter­
sections in permanent 
memory 

Reduce data memory to 
60 registers 

Read in side 1 of mag­
netic card part D, 
press R/S 

Read in side 2 of mag­
netic card part D, 
press R/S. 



SIOU T I - 5 9 PART "C" INTER 
296 

step program print key remarks 
out in 

352 2nd Prt 
353 R/S 
354 Program ready to exe­

cute part D. 
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297 

step program print key 
out in 

remarks 

to 

98 

Program steps 0 to 98 
inclusively are iden-
rical to the first 
part of subprogram 
INTER 

99 Subroutine to calcualte 
equipotential ratio 

100 
102 
104 
106 
108 
110 
111 
113 
114 
117 
120 
122 
125 
128 
131 
133 
135 
138 
141 
143 
146 

149 
151 
153 
157 
160 

STO 71 
26 
STO 02 
28 
STO 70 
B 
RCL 57 
X2 

-(( 
RCL 55-
RCL 2nd Ind 
) |x|- -
V_T ± + 
RCL 56= 
STO 04 
2nd Op 21 
RCL 2nd Ind 
RCL 04= 
*( 
RCL 05-
RCL 04= 

STO 2nd Ind 
2nd Op 21 

01 

01 

01 

2nd Dsz 3 099 
GTO 317 

Equipotential ratio: 
true height / vertical 
height 
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SIOU TI - 59 PART "D" WEIGHT 

. h s 2 "*" Y-h t •* EUS = y - h t - yw-hw 

REGISTER ACCOUNTING 

0 
1 
2 1st slices above soil interface 
3 1st slices below soil interface 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
15 
6 
7 
8 
19 
20 
21 
2 
3 
4 
25 
6 
7 
8 
29 
30 
1 
2 
3 
4 
35 
6 
7 
8 
39 
40 
1 
2 
3 

hw -*• hw.R.yw -> tan.X 

ht 

EQPT X coordinate and ratio R 
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REGISTER ACCOUNTING 

4 
45 
6 
7 
8 
49 
50 
1 
2 
3 
4 
55 CX 

. X coordinate -- BS * COS of base of slice 

6 CY 
7 R 
8 Y coordinate of base of slice 
59 BS - I W - sina . BS 
60 ywx 
1 ysi 
2 Yw 2 
3 Y s 2 
4 _ W - sina . BS 
65 1st slices above soil interface 
6 1st slices below soil interface 
7 
8 
69 

Free for program 
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step 

0 

1 
2 
3 

5 
8 

10 
12 
13 

14 
16 
19 
21 

23 

24 
25 
27 
30 
32 

34 

35 
36 
38 
41 
43 

2nd 

A 
7 
2nd 

243 
2nd 

2nd 
R/S 
2nd 

STO 
236 
2nd 
2nd 

R/S 

2nd 
STO 
343 
2nd 
2nd 

R/S 

2nd 
STO 
336 
2nd 
2nd 

program 

Lbl 

Op 17 

Op 01 

Op 05 

Prt 

60 

Op 01 
Op 05 

Prt 
61 

Op 01 
Op 05 

Prt 
62 

Op 01 
Op 05 

print key 
out in 

A 

Wi, 
R/S 

Wi, 
R/S 

Wi, 
R/S 

remarks 

Press "A" to initiate 
program. 

Expand data memory to 
70 registers. 

Enter wet density of 
soil 1, press R/S. 

Enter saturated density 
of soil 1, press R/S. 

Enter wet unit weight 
of soil 2, press R/S. 

Enter saturated unit 
weight of soil 2, 
press R/S 

45 R/S Wi, 
R/S 

46 2nd Prt 
47 STO 63 
49 45 Counters to recal X-co­

ordinates of base of 
slice 

51 STO 00 
53 26 
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301 

step program print key 
but in 

remarks 

55 STO 01 

57 
58 

60 
62 

64 
65 

6 
STO 

16 
STO 

0 
STO 

02 

03 

64 

67 
71 
74 
79 
83 
85 
88 

STO 65 STO 66 
RCL 56-
(RCL 57X2-
(RCL 55-
RCL 2nd Ind 00 
) X2 ) 
2nd Xl/X = +/ - 376 

92 STO 58 + 
95 RCL 2nd Ind 02: 
98 2nd X>t 114 

101 2nd IF Fig 01 108 
105 1 SUM 65 
108 0 STO 2nd Ind 02 
111 GTO 121 
114 STO 2nd Ind 02 
116 2nd Stfig 01 
118 1 SUM 66 
121 RCL 58+ 

124 RCL 2nd Ind 01= 

127 STO 2nd Ind 01 

-Slice slope Y-inter­
section 

-Slice-soil Y-inter­
section 

-Slice-piezometric Y-
intersection 

- to sum W . sina 
First encountered 
slices (base) above 
and below soil inter­
face 

CY 
R2 

CX 
Xb 

Y-coordinate of center 
of base of slice (nega­
tive value) 

Y-coordinate slice-soil 
Count first slices 
above R65 and below 
R66 soil interface for 
shear properties 

Y-coordinate of base 
of slice -»• YB 
Y-coordinate of slice 
slope intersection 
Height of slice below 
slope surface -> ht 
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step program print key 
out in 

remarks 

129 RCL 58. 

132 RCL 2nd Ind 03= 

135 2nd X>t 139 
138 0 
139 STO 2nd Ind 03 

141 -RCL 2nd Ind 02: 

145 2nd X>t 180 

148 RCL 2nd Ind 01-

151 RGL 2nd Ind 02= 
154 x RCL 60+ 
158 (RCL 2nd Ind 02-
162 RCL 2nd Ind 03) 
165 x RCL 62+ 
169 RCL 03 x 
172 RCL 63= 
175 STO 2nd Ind 02 

177 GTO 229 
180 RCL 2nd Ind 01-
183 RCL 2nd Ind 03= 

186 2nd X>t 206 
189 2nd |X| x 
191 62.4 + 
196 (RCL 2nd Ind 01-
200 RCL 2nd Ind 02) 
203 GTO 217 
206 x RCL 60+ 
210 (RCL 2nd Ind 03-
214 RCL 2nd Ind 02) 
217 x RCL 61+ 
221 RCL 2nd Ind 02 
223 X- RCL 63 = 
227 STO 2nd Ind 02 

Y-coordinate slice-pie-
zometric - YB 
Height of slice below 
the piezometric surface 
•+- hw 

Computation of total 
stress: 
Height of slice to pie­
zometric surface. 
Height of slice to soil 
interface 
a) piezometric surface 

below subsoil inter­
face 

ht - hs2 

Y.ht -- total unit 
stress 

b) piezometric surface 
above subsoil inter­
face 
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step 

229 
231 
233 
235 
238 

240 
243 
246 
249 
252 
254 
255 
257 
260 
263 
266 
270 
272 
274 
277 
279 
281 
284 
288 
291 
295 

300 
302 

308 

312 
314 
318 
320 
322 

36 
STO 
RCL 
-1-
STO 

2nd 
RCL 
RCL 
2nd 
STO 
2 
SUM 
RCL 
Rcl 
2nd 
2nd 
2nd 
RCL 
GTO 
SUM 
RCL 
2nd 

progTam ; pr 

04 
44 

05 

X=t 
2nd 
2nd 
XS-t 
58 

04 
2nd 
2nd 
X>t 
Osz 
Op ; 
2nd 
291 
58 
58 
x>t 

int key remarks 
out in 

270 
Ind 04-
Ind 00= 
270 

Ind 04-
Ind 00= 
277 
5 252 
24 
Ind 04 

270 
2 +/- SUM 04 
GTO 270 
x RCL 2nd Ind 03* 
62.4 = 

STO 
RCL 
Ind 

2nd Ind 03 
55-RCL 2nd 
00 = 

vRCL 57: 

STO 58 
x RCL 2nd Ind 02= 
SUM 
RCL 
Inv 

64 
58 
2nd Sin 

To determine if slice 
is between surface and 
1st intersection 

hw x R + Y W ( effective 
g.w. height/true c.w. 
height) note to use 
unit porewater pressun 

Sina . to analyse slo 
pe facing the origin 
(reverse), sina 

-sina x (+•/-) 

Z W.sina . BS 
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step 

324 
326 
327 
329 
332 
335 
338 
339 
341 
343 
345 
347 
350 
354 
356 
358 
360 
362 
364 
370 
373 
376 
380 
382 
384 
386 
388 
390 
393 
394 

STO 
2nd 
STO 
RCL 
RCL 
2nd 
0 
STO 
RCL 
2nd 
STO 
Rcl 
RCL 
STO 
2nd 
2nd 
2nd 
2nd 
54-
2nd 
RCL 
RCL 
STO 
RCL 
STO 
RCL 
STO 

program 

58 
Cos 
05 
2nd Ind 02-
2nd Ind 03= 
X>t 339" 

2nd Ind 02 
58 
Tan 2nd |X| 
2nd Ind 03 
59 -
05= 2nd |X| 
2nd Ind 00 
Op 20 
Op 21 
Op 22 
Op 23 
RCL 00= 
X>t 071 
64 x 
59 2nd|X|-
59 
65 
02 
66 
03 

6 2nd Op 17 
Inv 
2nd Stfig 01 

print key 
out in 

remarks 

a 

Y.h - yw.hw 

Tana 
BS * 
Cosa 
X= BS* cosa 

E W.sina 

Reduce data memory to 

396 1 

397 2nd Prt 
398 R/S 
399 2 

400 2nd Prt 
401 R/S 

R/S 

60 registers 
Read in side 1 of mag­
netic card part "E", 
press R/S 

Read in side 2 of mag­
netic card, part "E" 

Program part "D" ready 
to execute. 
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SIOU TI - 59 PART "E'r FOTS 

REGISTER ACCOUNTING 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
15 
6 
7 
8 
9 
20 
1 
2 
3 
4 
25 
6 
7 
8 
9 
30 
1 
2 
3 
4 
35 
6 
7 
8 
39 

Effective unit shear strength - x 

e m ' l 
x ' l 
a n ' 2 
x ' 2 
q n ' 3 
x ' 3 
c ' 
crn' l 
x ' l 
g n ' 2 
x*2 
o n ' 3 
x ' 3 

S o i l 1 

. S o i l 2 
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REGISTER ACCOUNTING 

40 
1 xi 
2 
3 
4 F of S Assumed 
45 
6 
7 
8 
9 
50 
1 
2 
3 
4 
55 
6 
7 
8 F of S Calculated 
9 
60 
1 
2 
3 
4 
65 
6 
7 
8 
69 

Slope of Mohr-Coulomb Envelope 
tan <{>' 
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step 

0 
2 
4 

5 
6 
8 
10 
11 

13 
15 
17 
18 
20 
21 
23 
29 
31 
33 
34 
36 

38 
40 
41 

44 
46 
47 

50 
52 
53 

56 
58 
59 

62 
64 

2nd 
2nd 
R/S 

2nd 
STO 
2nd 
Inv 
2nd 

26 
STO 
2 
STO 
2 
2nd 

program 

Lbl 
Op 

Prt 
2nd 
Op 
SBP 
Lbl 

00 

01 

Op 
363227 
2nd 
2nd 
0 
2nd 
15 

2nd 
B 
236 

2nd 
B 
237 

2nd 
B 
336 

2nd 
B 
337 

2nd 
B 

Op 
Op 

Op 

Op 

Op 

Op 

Op 

Op 

. B 
05 

L Ind 00 
20 
I 

. A 

02 

01 
05 

02 

01 

01 

01 

01 

01 

print 
out 

SOL 1 

C 

SI 

TI 

S2 

T2 

key 
in 

R/S 

remarks 

Key in shear parameters 
punch R/S 

Press "A" to initiate 
program. Read in shear 
parameters 

Cohesion or x' - inter­
cept 

on' coordinate of 
first point 

x' coordinate of 
first point 

o"n' coordinate of sec­
ond point 

x1 coordinate of sec­
ond point 
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step program print key 
out in 

remarks 

65 436 

68 
70 
71 

74 
76 
77 
78 
80 
84 
85 
87 
88 

2nd 
B 
437 

2nd 
B 
3 
2nd 
2nd 
0 
2nd 
7 
2nd 

Op 

Op 

Op 

01 

01 

02 
Dsz 1 

Op 

Op 

02 

17 

S3 

T3 

23 

90 
91 
93 
95 
97 
99 
101 

103 
106 
108 
110 
113 
115 

6 
STO 
60 
STO 
10 
STO 
RCL 

2nd 
27 
STO 
GTO 
34 
STO 

00 

05 

01 
02 

X=t 

04 
117 

04 

113 

117 RCL 2nd Ind 00 
119 2nd X:t 276 
122 Rcl 2nd Ind 04-

fon' coordinate of 
third point 

x* coordinate of third 
point 

Expand data memory to 
70 registers counters: 
- to recall the effec­
tive unit stress and 
store x' 

- to store tan<j>' 
- for the number of 
slices 

Routine to determine 
soil type at base of 
slice 

Routine to calculate 
slice stress range 

if exit, x'=c', tanc() = 0 
onl1 
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step 

125 
128 

131 
132 
134 
136 

139 
140 
143 
146 
147 
149 

151 
155 
158 
160 
164 
167 
169 
172 

175 
177 
179 
181 
183 
185 
187 
189 
190 
193 
195 
197 
199 
201 
202 
204 

RCL 
2nd 

2 
SUM 
RCL 
2nd 

-

RCL 
2nd 
2 
SUM 
RCL 

-33: 
2nd 
RCL 
-40: 
2nd 
RCL 
2nd 
GTO 

program 

2nd 
X>t 

04 
2nd 
X=t 

2nd 
X£t 

04 
04 

X=t 
04 

X=t 
2nd 
X=t 

Ind 00-
244 

Ind 04 
240 

Ind 00= 
179 

175 

175 
Ind 04 
175 

139 

2 +/-
SUM 
RCL 
STO 

04 
2nd 
40 

2 +/-
SUM 
RCL 
-

RCL 
STO 
2nd 
RCL 
STO 
2 
SUM 
RCL 

04 
2nd 

40 = 
40 

Ind 04 

Ind 04 

Op 24 
2nd 
41 

04 
2nd 

Ind 04 

Ind 04-

print key remarks 
out in 

EUS 
If exit, shear strength 
from 1st segment of en­
velope 

an2' 
If exit, single straigt] 
line failure envelope 

Check if previous 
points if last or next 
0 

a) Stress range between 
on'x and an'3 

Determine tan$' 
an*-»- X 2 

an'-»- Xi 

X2 - Xx 

x' + Yx 

x' - Y2 
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310 

step program 

207 RCL 41= 
210 . 
211 RCL 40= 

214 STO 2nd Ind 05 
216 RCL 2nd Ind 04 
218 STO 41 
220 2nd Op 34 
222 RCL 2nd Ind 00-
225 RCL 2nd Ind 04= 

228 x RCL 2nd Ind 05 

231 + RCL 41= 

235 
237 
240 

242 
244 
246 
248 
250 
252 
254 
256 
258 
261 
264 
269 
271 
273 
276 
278 
280 
282 
283 
285 
287 
289 

STO 2nd Ind 
GTO 285 
2 +/-

SUM 04 
RCL 2nd Ind 
STO 40 
2nd Op 24 
RCL 2nd Ind 
STO 41 
2 •/-
SUM 04 
RCL 2nd Ind 
RCL 41= 

00 

04 

04 

04 

4- RCL 40= X 
STO 2nd Ind 
2nd Op 24 
GTO 222 
2nd Op 34 
RCL 2nd Ind 
STO 2nd Ind 
0 
STO 2nd Ind 
2nd Op 31 
RCL 01 
2nd X:t 30: 

05 

04 
00 

05 

7 

p r i n t key r emarks 
i n 

y 2 - y l 

m = Y2-Y^ = tan<j>' 
X2-X1 

x ' . Y2 

Dete rmine x ' 
a n ' y=yx + m(X-Xx) 
EUS x ' s X i - t a n ^ ) 
( a n ' - a n i ' ) 

tan<J>' 
x'-»- Y2 o r c ' 

Effective unit shear 
strength 

b) stress range below 
ani. Determine tan<t>' 

ani1 -+ x2 

TI' Y2 

c' ->- Yx 

Determine x' 
c) EUS = 0 

x'=c* 

tan<j>*=0 
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step program print key remarks 
out in 

292 
294 
296 
300 
304 
307 
308 

310 
311 
313 
314 
316 
318 
320 
322 
324 
326 
328 
331 
334 
338 
341 
343 
347 
349 
351 
353 
355 
357 
360 
363 
366 
369 
372 
374 
378 
384 
388 
390 
392 
395 
397 
398 

2nd 
2nd 
2nd 
2nd 
GTO 
2 
STO 

0 
STO 
6 
STO 
16 
STO 
45 
STO 
60 
STO 
RCL 
RCL 

Op ; 
Op : 
Dsz 
Dsz 
106 

44 

42 

00 

01 

02 

03 
2nd 
2nd 

25 
20 
2 106 
3 113 

Ind 
Ind 

(RCL 2nd Ind 
RCL 
RCL 
*1) = 
SUM 
2nd 
2nd 
2nd 
2nd 
15-
RCL 
2nd 
RCL 
RCL 
STO 

2nd 
44 

42 
Op 
Op 
Op 
Op 

00 = 
x_t 
42 • 
59 = 
58 

-RCL 44: 
2nd 
Inv 
RCL 
STO 
GTO 
RCL 
2nd 
R/S 

|x|-
2nd 
58 
44 

Ind 

20 
21 
22 
23 

328 
L 

-.01 = 
x>t 

310 
58 
Prt 

00 x EUS 
02 v 
. 01 x 
03 

395 

initial factor of 
ety 

To sum each slice 

EUS 

tan a 

X=BSv cosa 

tan<f>' 

BS. cosa=X 
tana 
tan<J> 
F of S 

Iteration centra 
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Appendix F 

EXAMPLE RUNS 



Factor of Safety 

reported 2.11 

computed 2.03 

MATERIAL 

Rock 

Clay 1 

Clay 2 

Clay 3 

Clay 4 

Clay 5 

DENSITY (PCF) 

submerged 

77.6 

57.6 

57.6 

57.6 

57.6 . 

57.6 

above W.L. 

140 

120 

120 

120 

120 

120 

C (psf) 

0. 

3000. 

2000. 

1300. 

750. 

1000. 

.' 

42° 
0° 
0° 
0° 
0° 
0° 

BEDROCK 

Example 1 SOIL PROPERTIES (from St-Louis, 1978) 



Y 
c' 

• ' 
*u 

= 

= 

= 
_ 

120 
300 

30° 

0.4 

pcf 
psf 

Factor of Safety 

reported 0.97 

computed 0.98 

(0,150) 

(700,50) 
• • 

(700,0) (0,0) 
• 

•1.0 BEDROCK 

Example 2 SIMPLIFIED BISHOP METHOD (from Fredlund, 1977) M 



8 = 
c = 
$ _ 

125 Ib/ft3 
90 lb/ft2 
32° 

Factor of Safety 

reported 1.31 

computed 1.27 

"..... !.1!.,>,...jl......J.I,.'.,l,1 

Drain 
yt 

20' 

1 s\ >c\ \ * 

Surface of firm stratum 

Example 3 STEADY SEEPAGE (from Whitman and Moore, 1963) 



c = 500 lb/ft2 

4*15 
16s 120 lb/ft3 

k̂ = 4kv 

Factor of Safety 

reported 1.16 

computed 1.14 

Example 4 -SEEPAGE FOLLOWING DRAWDOWN 

(from Whitman and Moore, 1963) 



Factor of Safety 

reported 

computed 

(0,33) 

(900,91) 

weight= 120pcf 

c _ 0 

$" = 35° 

u _ 0 

j i _ 1_ 

20 40 60 80 100 120 140 160 

Example 5 TYPICAL TRIAL FAILURE SURFACE THROUGH HOMOGENEOUS, 
COHESIONLESS SOIL (from Bailey and Christian, 1969) 



80 

60 

40 

20 

-20 

COMPUTED FACTORS OF SAFETY 

Factor of 

reported 

computed 

WI 

0 20 
Example 6 

60 80 100 120 
TYPICAL DEEP TRIAL CIRCLE 

140 160 
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