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ABSTRACT 

A study of the relationship between undrained shear strength 

and the effective shear strength parameters of c' and <))' of Leda clay 

is presented. 

High quality block samples were obtained from five sites 

located within a 70 km radius of the City of Ottawa. The samples 

obtained represent three of the major facies of Leda clay known to 

exist in the Ottawa River Valley Region, that are of interest to geo-

technical engineers. The relationship between total and effective 

stress shear strength behaviour of the clay at each site was studied 

by means of field and laboratory vane shear tests, unconfined compression 

tests and a series of CIU triaxial tests. 

The following aspects of the behaviour of Leda clay are dis­

cussed with reference to the test results: the concept of yield during 

isotropic consolidation and triaxial shear, the development of porewater 

pressures during shear, the mobilization of c' and $' parameters with 

strain, the geotechnical properties and behaviour of each facies of Leda 

clay and finally the relationship between vane shear strength and c', (j)1 

parameters determined from the peak and residual effective stress failure 

envelopes. 

The following topics are discussed with reference to the current 

literature: the occurrence and behaviour of intact and microfissured 

Leda clays, the effect of test procedure on measured shear strengths, the 

effect of sample size, sample disturbance, anisotropy, time and progressive 
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failure on the mobilization of measured shear strengths along in-situ 

failure surfaces and finally the use of peak and residual shear strengths 

in slope stability analyses. 

The most significant contribution of the thesis is a proposed 

relationship between vane shear strength and the effective shear strength 

parameters of c' and (J)'. This relationship will allow the effective 

shear strength parameters of c' and <j>' to be estimated on the basis of 

simple field vane tests for the purpose of a preliminary assessment of 

the stability of a slope. 
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RESUME 

Cette these presente une etude de la relation entre la resistance 

au cisaillement non-drainee et les parametres effectifs c' et <j>' de resis­

tance au cisaillement de 1'argile Leda. 

Des blocs echantillons de tres bonnes qualite furent preleves a 

cinq emplacements situes dans un rayon de 70 km de la ville d'Ottawa. Les 

echantillons preleves representent trois des facies principaux de 1'argile 

Leda dont on connait 1'existence dans la region de la vallee de la riviere 

des Outaouais et qui interessent 1'ingenieur en Geotechnique. La resistance 

au cisaillement de 1'argile en termes de contraintes totales et effectives 

fut etudiee pour chaque emplacement par des essais au scissometre de chantier 

et de laboratoire, des essais de compression simple et une serie d'essais 

triaxiaux CIU. 

On discute les aspects suivants de comportement de 1'argile Leda 

en s'appuyant sur les resultats d'essais: le concept de rupture lors de 

la consolidation isotropique et le cisaillement triaxial, le developpement 

des pressions interstitielles pendant le cisaillement, la mobilisation des 

parametres c' et <j)' au fur et a mesure que la deformation s'accrott, les 

proprietes geotechniques et la comportement de chacun des facies de 1'argile 

Leda et finalement la relation entre la resistance au cisaillement du scis­

sometre et les parametres c' et <t>' determines a partir des enveloppes de 

resistance maximale et residuelle en contraintes effectives. 

On discute des sujets suivants en se rapportant aux publications 

recentes: 1'existence et le comportement des argiles Leda intact et micro-

fissurees, 1'influence de la procedure d'essai sur les resistances au 
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cisaillement mesurees, 1'influence de la grandeur de l'echantillon, du 

remaniement de l'echantillon, de l'anisotropie, du temps et de la rupture 

progressive sur la mobilisation de la resistance au cisaillement mesuree 

le long des surfaces de rupture in-situ et enfin 1'utilisation des resis­

tances au cisaillement maximales et residuelles pour 1'analyse de stabilite 

des pentes. 

La contribution la plus importante apportee par cette these est 

la relation qu'on propose entre la resistance au cisaillement du scissometre 

et les parametres c' et <)>' de resistance au cisaillement en contraintes effec­

tives. Cette relation permettra d'evaluer les parametres c' et <J>' a partir 

des essais simples du scissometre de chantier pour 1'etude preliminaire de 

la stabilite d'une pente. 
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CHAPTER 1 

INTRODUCTION 

1.1 General 

The Ottawa River Valley and the St. Lawrence River Valley 

have extensive deposits of post-glacial, sensitive marine clay. These 

sensitive soils exhibit unusual geotechnical properties and are very 

susceptible to landslides that may result in costly damage or loss of 

life. Much work has been carried out in an effort to understand the 

mechanisms of slope failure and to predict or prevent slope instability. 

A simple approach to the prediction of unstable slopes may 

involve a survey of actual failed and unfailed slopes. When the height 

and angle of the slope are plotted as illustrated in Figure 1.1a, a 

line separating failed and unfailed slopes can usually be drawn. This 

figure is the result of a survey of 11 stable slopes and 50 landslides 

along the Madawaska River by Wong (1975). The good correlation obtained 

indicates a similarity of clay properties, shear strength and groundwater 

conditions over the particular area surveyed. 

In an effort to establish guidelines for land-use planning 

and development in the Regional Municipality of Ottawa-Carleton, Klugman 

and Chung (1976) published a series of maps indicating areas of stable 

and potentially unstable slopes in the regional municipality. Stability 

was assessed according to a computer calculated factor of safety. Com­

putations were based upon average effective stress shear strength 
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Figure 1.1a Survey of stable and failed slopes along the 
Madawaska River (after Wong,1975) 
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Figure 1.1b Computed Factors of Safety and actual failed slopes 
for M 9 slopes in the Ottawa - Carleton Regional 
Municipality, (after Klugman and Chung, 1976) 
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parameters of c1 and <j>' reported in the literature, and assumed hydro­

static saturation (groundwater level at the surface and horizontal 

flow) of the slope. The use of the average shear strength parameters 

ignores regional variations in the characteristics and strength of the 

clay deposits. 

Klugman and Chung's work is no doubt valuable as it does ful­

fill its objectives in providing preliminary guidelines to land use 

planners and developers, but the accuracy of their calculated factors 

of safety are however, questionable. The error associated with the use 

of average shear strength parameters and assumed groundwater conditions 

over such a large area,as in the regional municipality.is evident in 

Figure 1.1b. Many unfailed slopes exist below the F.S. = 1.0 line and 

several failed slopes exist above the F.S. = 1.0 line. Also much un­

certainty exists due to the large number of data points where values for 

failed and unfailed slopes coincide. 

A more accurate means of slope stability prediction could be 

made if a method was developed by which regional variations in clay 

strength could be simply accounted for. Such a method, it is believed, 

would greatly reduce the scatter in Figure 1.1b. It would still be 

necessary to assume groundwater conditions, but it is felt that if the 

regional geologic conditions were considered, a better estimate of ground­

water conditions could also be made. 

The need for actual field investigations at specific sites for 

engineering projects would continue, however, because it would be 

necessary to ensure precise shear strength data at the specific site and 



- 4 -

and also to determine whether unusual groundwater conditions exist that 

may significantly affect the stability analysis. 

1.2 Statement of the Problem 

Of prime importance in the analysis of the stability of a 

slope is to determine the governing resistance to shear deformation 

(i.e., shear strength). It is generally acknowledged that the long 

term stability of a slope is governed by the drained shear strength of 

the clay. To determine the drained shear strength parameters c' and (J)' 

requires expensive and time consuming laboratory procedures. It would 

be of significant benefit to geotechnical engineers and engineering 

geologists concerned with slope stability, if these drained strength 

parameters could be more easily but just as accurately determined. 

A relationship between the undrained strength, Su, commonly 

determined by the field vane test, and the apparent preconsolidation 

pressure, p', determined from a drained standard oedometer test, is 

known to exist for marine clays and is dependent upon plasticity index 

(Lambe and Whitman, 1964). This relationship may be expressed as the 

ratio of Su/p' and for Ottawa area clays may vary from 0.24 to 0.40 with 

a mean of 0.30 (Crawford and Eden, 1965). Furthermore, it is generally 

the case that the stronger the undrained shear strength, the greater 

the value of the drained shear strength parameters. It appears then 

that it might be possible to estimate drained shear strength parameters 

by the use of simple, fast, inexpensive, undrained field and laboratory 

tests. 
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Thus the specific problem to be researched is: "Can the effective 

stress shear strength parameters of c' and <J>', used in slope stability 

analyses, be easily yet reliably estimated on the basis of simple, un­

drained, field or laboratory shear strength tests?" 

1.3 Objectives of the Research 

The principal objective of the research is to investigate the 

relationship between the undrained and drained shear strength behaviour 

of Leda or Champlain Sea clays and to provide a means by which the 

effective stress shear strength parameters of c' and <))' may be estimated 

by the use of simple, undrained shear strength tests. 

Along with the principal objective, there are the following 

additional objectives: 

a) to review the current literature concerning slope stability 

and the measurement of shear strength of Champlain Sea deposits, and 

attempt to explain the many conflicting results and viewpoints that have 

been presented, 

b) to review and provide a clearer picture of the geological 

history of the Ottawa River Valley region based on recently published 

articles in the literature, and 

c) to discuss the geotechnical behaviour of the different 

geological facies of clay known to exist in this region. 

1.4 Outline of Thesis 

The following is a chapter-by-chapter summary of the thesis 

contents: 
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CHAPTER 2 - A commentary on the methods by which shear strength is 

commonly measured, both in the field and in the laboratory, 

is presented. This is followed by a discussion of several 

factors such as sampling disturbance, anisotropy, time effects 

and progressive failure, which may affect the mobilization 

of the measured shear strengths along an actual in-situ 

failure surface. 

CHAPTER 3 - This chapter provides a review of the current literature 

concerning the shear strength of Leda clays and the results 

of effective stress stability analyses. The basic soil pro­

perties, structural integrity, stress-strain behaviour and 

measured shear strengths of Leda clay are discussed. In 

addition, the effects of various factors such as sampling 

disturbance, time, anisotropy and stress path followed to 

failure on the effective stress failure envelope are also 

discussed. An explanation for the conflicting results reported 

in the literature is provided by considering the effect of 

different test procedures and the structural integrity of the 

clay tested. The relative success with the use of peak and 

residual effective stress shear strength parameters in slope 

stability analyses is discussed. 

CHAPTER 4 - A review is made of the current literature concerning the 

recent (Pleistocene) geological history of the Ottawa River 

Valley region. The heterogeneous nature of the sedimentary 

suite of deposits is described and the nature and geotechnical 

properties of the various facies of the deposited clay are 

discussed. 



- 7 -

CHAPTER 5 - Presented are the site descriptions, recent geology and 

soil stratigraphy of the five sites located throughout the 

Ottawa River Valley region from which block samples were 

obtained for laboratory testing. 

CHAPTER 6 - This chapter discusses the procedures followed in the field 

regarding block sampling and in-situ vane shear testing. In 

addition, the rationale and the procedures followed for all 

the laboratory tests are discussed. 

CHAPTER 7 - This chapter presents the results of all the laboratory 

tests performed for each site. These test results include: 

basic identification tests, grain size analyses, oedometer 

tests, unconfined compression tests, laboratory vane tests 

and a series of consolidated isotropically undrained triaxial 

tests with pore pressure measurements. The concept of a yield 

point under a certain value of average effective stress is dis­

cussed with respect to isotropic consolidation and triaxial 

shearing. Strain contours are plotted for the CIU tests and 

plots indicating the mobilization of c' and (J)' with strain 

are presented. Pore pressures mobilized during shear are 

discussed in terms of the pore pressure parameter A with 

reference to sample strength. Modes of failure observed during 

the test are described. Finally, both p-q and x-a failure 

envelopes are presented for each site studied and the results 

are discussed. 

CHAPTER 8 - This chapter interprets the effective stress shear strength 

envelopes of the thesis test results in an attempt to relate 
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the undrained vane shear strength and the effective stress 

shear strength parameters of c' and cj)'. Such a relationship 

is presented for both peak and residual effective shear 

strength parameters. In addition, results reported in the 

literature for both intact and microfissured clays are 

compared with the thesis results. Finally, a proposed 

relationship is illustrated that will enable an estimate of 

c' and cj)' to be made for either microfissured or intact clays 

based on field vane strengths alone. 

Conditions for which the proposed relationship will not 

apply are then discussed. Lastly, procedures that should be 

followed for the preliminary estimate of the stability of a 

slope are recommended. 

CHAPTER 9 - A summary of accomplishments, list of important conclusions 

and a list of additional noteworthy conclusions are presented. 

Recommendations and suggestions for further work are provided. 

APPENDIX A - Presented in this Appendix are additional laboratory test 

results for laboratory vane tests and unconfined compression 

tests. Also presented are summary tables for the results of 

the CIU triaxial tests and the unconfined compression tests. 

APPENDIX B - Presented in this Appendix are several effective stress 

failure envelopes for microfissured and intact Leda clays from 

the literature and from other sources available to the author. 

These failure envelopes were used to develop the proposed 

relationship between vane strength and effective shear 

strength parameters presented in Chapter 8. 
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APPENDIX C - Presented in this Appendix is the computer program 

written to compute and plot the results of the triaxial tests. 

Also presented is a sample of the computer output for one 

particular test. 

APPENDIX D - Presented in this Appendix are the calibrations performed 

on two oedometer devices, two porewater pressure transducers, 

and two load cells. 
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CHAPTER 2 

METHODS OF MEASURING SHEAR STRENGTH AND FACTORS AFFECTING 

THE MOBILIZATION OF MEASURED SHEAR STRENGTHS ALONG IN-SITU 

FAILURE SURFACES 

2.0 Introduction 

This chapter is divided into two parts: 

Part A - Methods of Measuring Shear Strength 

Prior to any detailed discussion of the shear strength of 

clay, it is necessary to appreciate the merits and deficiencies of the 

test methods by which shear strength is measured. This section presents 

a brief commentary on the methods by which the shear strength of clay 

is commonly measured. Such a commentary is pertinent since several of 

these test methods were used in the thesis testing program, while others 

are discussed frequently in the literature. 

Part B - Factors Affecting the Mobilization of Measured Shear Strengths 

Along In-situ Failure Surfaces 

Occasionally, it has been found that the shear strength deter­

mined in the laboratory does not correspond to the shear strength that 

must have existed along an in-situ failure surface at the time of failure. 

This section discusses several important factors that may have a signi­

ficant effect on whether the laboratory measured shear strengths will be 

mobilized along in-situ failure surfaces. These factors include: sample 

disturbance, sample size, anisotropy, time effects and progressive 

failure. 
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Part A - Methods of Measuring Shear Strength 

This section presents a brief commentary on the methods by 

which shear strength is most commonly measured. Many of these methods 

have been used in the testing program for this thesis and the others 

are frequently mentioned in the literature. For a discussion of methods 

not mentioned in this chapter, the reader is referred to Ladd et al 

(1977) and Schmertmann (1975). 

2.1 Undrained or Total Stress Shear Strength 

Undrained shear strength may be measured in-situ or in the 

laboratory using undisturbed samples. In-situ shear strength is most 

commonly measured by the field vane shear test and is therefore dis­

cussed below. 

2.1.1 Field Vane Shear Test 

Due to its relative simplicity and low cost, the field vane 

shear test has become popular throughout the world. It has however, 

received severe criticism for the following reasons by Schmertmann (1975); 

Roy (1975); Arman, Poplin and Ahmed (1975); LaRochelle, Roy and Tavenas 

(1973) and Flaate (1966). 

1) Disturbance during insertion of the vane causes excessive 

strain and may break "cementation bonds". 

2) The actual failure surface at peak strength is not cylindri­

cal as assumed. 

3) Progressive failure may occur at the edges of the blades. 

4) The rate of strain during execution of the test is excessive. 
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5) A delay between vane insertion and testing may cause a 

substantial increase in shear strength. 

Its usefulness has been defended however, by Bjerrum (1973), 

Ladd (1975), Ladd et al (1977) and Gregerson (1975). Bjerrum (1973) 

presents correction factors for the field vane based on documented em­

bankment failures to account for anisotropy and time effects. However, 

it is not definitely known whether these correction factors are appli­

cable to Leda clays. Bozozuk (1977) presents further evidence in support 

of the use of the field vane test. He reports the use of undrained shear 

strengths from field vane tests best predicts the shear strength mobilized 

along a failure surface in-situ, based upon back calculations of three 

silo tower foundation failures. Ladd et al (1977) in their State-of-the-

Art paper conclude that at present the field vane test offers the most 

reliable estimate of undrained shear strength for stability analyses when 

used in conjunction with Bjerrum's correction factors. 

2.1.2 Laboratory Vane Shear Test 

The laboratory vane shear test performed on an undisturbed 

sample provides a good check on the field vane test results. Most com­

ments listed earlier for the field vane test apply equally well for the 

lab vane. 

Attempts to use the lab and field vane test to study strength 

anisotropy by using different size vanes and various orientations, such 

as described by Aas (1965) and Donald et al (1977), are of questionable 

value according to Ladd et al (1977). 
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2.1.3 Unconfined Compression Tests 

Unconfined compression tests have long been used by geotechnical 

engineers as a simple, inexpensive, rapid measure of the undrained shear 

strength of clay. However, they generally provide an uncertain measure 

of shear strength for the following reasons: 

1) Unconfined compression tests are often performed on small 

diameter tube samples, which are somewhat disturbed. Studies show that 

sampling disturbance can reduce the undrained shear strength by 30% to 

60% compared to tests performed on block samples [Bozozuk (1970), 

LaRochelle and Lefebvre (1971), Raymond et al (1971)]. 

2) The high strain rate, typically 1% per minute - 60% per 

hour, overestimates the undrained strength for most clays. 

Therefore caution must be exercised when applying the results 

of unconfined compression tests to practical problems. 

2.1.4 Triaxial Tests 

The triaxial test is the most common and versatile test used 

to determine the stress-strain properties of a soil. It has the following 

advantages over most other tests: 

a) The principal stresses are known and controllable. 

b) Porewater pressures or volume changes may be determined. 

c) The failure plane may be directly observed. 

Difficulties in interpretation of the strength measurements arise 

if the sample deforms into a distorted shape. Distortion may arise as an 

effect of restraint imposed by the rigid end caps. In general, the 
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distorted shape is often ignored by the use of simplified assumptions 

concerning the change in area with axial strain of the sample. Another 

difficulty with the test is that porewater pressures are measured at 

the base of the sample, but shear failure generally takes place in the 

middle of the sample. If the test is run at standard rates of strain 

that vary from 0.5 to 2.0% per hour [Bjerrum (1973), Bozozuk (1977)], it 

is generally assumed that the porewater pressures have had time to 

equilibriate. Thus, the porewater pressure measured at the base pre­

sumably represents the porewater pressure on the failure plane. 

Unconsolidated undrained (ITU) tests and consolidated undrained 

(CU) tests are popular since they are simple and may be performed rapidly. 

If tube samples are used, the effects of sample disturbance and stress 

relief can be reduced by consolidation. Consolidation is generally iso­

tropic but the influence of an anisotropic stress system (a, = K a ) 
h o v 

maybe studied by anisotropic consolidation of laboratory samples. If 

porewater pressures are measured,both the effective and total stress 

shear strengths may be determined. 

2.2 Drained or Effective Stress Shear Strength 

2.2.1 Consolidated Drained (CD) Triaxial Tests 

CD tests are also commonly used in engineering practice. How­

ever, in order to ensure full drainage they must be run at very slow 

strain rates. Typical strain'rates are from 1 to 2% per day. Test 

duration depends upon the permeability of the material and the final 

strain desired but typically may last from 10 hours to several days or 

even weeks. By carrying out a series of CD tests at different confining 
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pressures, the effective stress parameters of c1 and <j>' can be deter­

mined directly. 

It is generally agreed that both CU and CD tests describe 

basically the same effective stress envelope. Evidence to support this 

conclusion may be found in Lefebvre and LaRochelle (1973), Mitchell 

(1970a) and Bjerrum and Simons (1960). 

2.2.2 Drained, Constant p' Triaxial Tests 

m 

Eden and Mitchell (1970), Mitchell (1970,1975) and Mitchell 

and Wong (1973) favour the use of a drained, constant p' test, 
°1 + °2 + a3 m 

(p' = 5 ) to describe the failure envelope of Leda clay for the 
following reasons: 

1) the constant p' test eliminates volume changes due to 

changes in mean normal stress, so that volume changes due to shear (in­

crease in deviatoric stress) can be measured, 

2) the principal stresses are low and representative of the 

stress levels occurring in a real slope, 

3) the mode of failure in the test is more characteristic of 

what has been observed for failed slopes in the Ottawa area. 

The constant p' test may be stress controlled (incremental 
m 

dead loading) or strain controlled. The physical boundary conditions on 

the sample are the same for each method. A constant p' test can only be 

performed drained however, since it is not possible to maintain p' con­

stant in an undrained test by reducing the cell pressure. As an ex­

planation of this, during the test, a' increases as the applied load 

increases. To maintain p' = 5 constant, a reduction in a' equal 
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to - y ACT' is required. However, a reduction in cell pressure (a_) 

results in an equivalent reduction in porewater pressure (u) hence a' 

remains the same. Thus, it is not possible to maintain p' constant in 

an undrained test. 

2.2.3 Lateral Reduction Triaxial Tests 

Lateral reduction triaxial tests (i.e., a_ constant, cr_ reducing) 

are thought to best simulate the field condition of erosion or excavation 

at the toe of a slope. 

For both the lateral reduction and constant p' tests, a suf-
rm 

ficiently high value of a' must be used at the start of the test, de­

pending on the strength of the clay being tested, or else the case may 

occur that cr will reach zero and the sample may not have failed. The 

sample would then have to be loaded essentially as an unconfined com­

pression test until failure occurs. 

2.2.4 Direct Shear Tests 

Direct shear tests have been frequently criticized in the past 

for the following reasons: 

1) The failure plane is predetermined along a horizontal 

surface and may not represent the weakest plane. 

2) The magnitude and direction of the principal stresses at 

failure are not accurately known. 

3) Progressive failure may occur due to these stress con­

centrations . 

For these reasons, direct shear tests cannot be realistically 
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employed to measure the peak shear strength behaviour of sensitive, 

brittle, cemented Leda clays. They have however, been used with success 

to measure residual shear strengths at large deformations. 

2.3 Stress Paths Observed in Triaxial Tests 

Figure 2.3a illustrates the various effective stress paths 

for each of the previously mentioned drained triaxial tests. It should 

be noted that the effective stress path of an undrained test is very 

difficult to predict. It depends upon the porewater pressures induced 

during shear. The porewater pressures may be described by the pore 

pressure parameter 'A' which is known to be dependent upon the degree 

of overconsolidation (Bishop and Henkel, 1962). Typical effective stress 

paths for various values of 'A' are illustrated in Figure 2.3b. 

2.4 Tensile Tests 

Triaxial compression tests are limited to defining the Mohr-

Coulomb failure envelope to the right of the unconfined compression line 

indicated on Figure 2.3a. The region to the left of this line is a 

tensile zone. 

For some overconsolidated clays, it may be desired to investi­

gate the apparently high values of the cohesion intercept that results 

from the extrapolation of a triaxial compression Mohr-Coulomb failure 

envelope back to the shear stress axis. To determine failure points or 

Mohr's circles to the left of the unconfined compression line requires 

some form of tension testing. Simple extension type tension tests have 

been reported in the literature by Conlon (1966), Jarrett (1972) and 
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Mitchell and Wong (1973). Although these tests are crude and may not 

provide an exact value of the tensile strength of the soil, they do 

provide an estimate which is most probably a lower bound. 

Brazilian type splitting tests have been carried out on Leda 

clays by Lawrence (1969), Lo and Morin (1972), Yong (1976) and Sangrey 

(1972). Brazilian tests provide a simple, rapid estimation of the 

tensile strength of cohesive soils of low plasticity that exhibit brittle 

characteristics. Erroneous results can be obtained if the assumption 

that brittle, tensile failure occurs in a diametric plane in the direction 

of loading is not satisfied. The authors of the references cited above 

remark that failure did occur in this mode and therefore the results 

should be considered reliable. Krishnayya and Eisenstein (1974) discuss 

the Brazilian test and propose a numerical solution of the biaxial 

stress state of tension and compression existing at the center of the 

specimen. 

Part B - Factors Affecting the Mobilization of Measured Shear Strengths 

Along In-Situ Failure Surfaces 

2.5 Sampling Disturbance 

Eden (1971a), LaRochelle and Lefebvre (1971), Bozozuk (1971), 

Lo, Adams and Seychuck (1969) all indicate that serious disturbance may 

results with the use of thin-walled tube samples in clay. This dis­

turbance becomes more severe as clays progress from the normally con­

solidated state to overconsolidated cemented clays (Eden, 1971b). This 

disturbance is demonstrated by a reduction in unconfined compressive 
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strength and modulus of elasticity by as much as 50 to 60% of the 

values measured by block samples. 

Bozozuk (1971) indicates that less disturbance is obtained 

with larger diameter sample tubes. LaRochelle and Lefebvre (1971) in­

dicate that it is not the size of the tube sampler that is important but 

rather the "area ratio" that controls the degree of disturbance. This 

"area ratio" is defined as the area of the annular ring between the in­

side and outside diameters of the tube sampler divided by the area of 

the actual clay sample. Sampling disturbance is the result of the 

"strain occurring from the change of volume consecutive to the intrusion 

of the sampling tube into the soil mass," (LaRochelle and Lefebvre, 1971). 

The authors indicate from the results of triaxial tests on block samples 

that the lateral strains necessary to destroy the "cementation bonds" are 

smaller than the probable strains resulting from the use of thin-walled 

samples. They suggest that in order to obtain undisturbed samples of 

cemented clays, "a special type of sampler will have to be developed with 

an area ratio much smaller than 10 percent and possibly with a diameter 

larger than 54 mm ". 

Eden (1971a) suggests that large, undisturbed block samples 

yield the most reliable results for sensitive clays. LaRochelle and 

Lefebvre (1971) state that block samples do not appear to be signifi­

cantly affected by stress relief. 

The effect of sampling disturbance on the peak effective stress 

envelope of Leda clays will be discussed in more detail in Chapter 3. 
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2.6 Sample Size 

Testing small diameter samples in the laboratory, even if 

completely undisturbed, may not yield strength results that are repre­

sentative of the strength that may be mobilized along a failure surface 

in the field. This is the result of the existence of structural imper­

fections such as fissures, silt and sand seams, etc., that may not be 

present in these small diameter 'intact' laboratory samples. The 

laboratory test results may thus indicate significantly higher strength 

results than that which may actually be mobilized in the fieldjand con­

sequently predict unrealistically high factors of safety that would 

result in an unsafe design. 

The extent of the inaccuracy of using small diameter laboratory 

samples depends upon the frequency of structural imperfections in-situ. 

Lo (1970) has proposed a 'strength-size relationship' to predict the 

operational undrained strength in the field based upon a series of 

laboratory strength measurements on various sizes of samples. He in­

dicates that strength of fissured clays decrease with increasing sample 

size and that significant error would result if the intact clay strength 

was applied to a slope of fissured clay. 

A good example of this problem is presented by Lafleur (1978) 

who carefully determined effective shear strength parameters of 

c' = 12.5 kPa and <f>' = 57.5° for peak strength and c' = 2.8 kPa and 

<J>' = 40° for residual strengths from conventional CIU and CID tests. 

The samples tested were 3.55 cm in diameter by 7.1 cm in length and were 

cut from block samples of a stiff, brown, fissured Leda clay crust taken 
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from a slope on Normandie Street in Hull, Quebec. However, back cal­

culations of a slope failure occurring in this material, where the 

groundwater conditions were well known, indicated a c' = 3 kPa and a 

<|> = 27° to have been mobilized at the time of failure. Therefore, 

significant error can occur when attempting to extrapolate laboratory 

results to field problems if great care is not taken to consider the 

presence of in-situ structural imperfections. 

2.7 Anisotropy 

During sedimentation, clays are deposited under anisotropic 

stress conditions. The major principal stress is in the vertical direc­

tion^ )and the minor principal stress is in the horizontal direction 

(o, = K u where K = coefficient of lateral earth pressure at rest), 
h o v o 

The continued deposition of more sediment results in one-dimensional 

consolidation of the clay under this anisotropic stress system. It is 

generally accepted that clay platelets tend to become oriented perpendi­

cular to the direction of the major principal stress during one-

dimensional consolidation. The extent of this orientation depends upon 

the magnitude of the major principal stress and the amount of induced 

strain. This preferential orientation of clay particles could conceivably 

cause both the strength and compressibility of the clay to vary with 

direction (i.e., could cause the clay to be anisotropic with respect to 

strength). This preferential orientation of clay particles is called 

"inherent' or 'fabric' anisotropy. 

Failure surfaces in the field are generally approximated by 

circular arcs such as illustrated in Figure 2.7a. The inclination of 
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Figure 2.7 a Variation of angle of inclination along 
a failure arc. 

Figure 2.7 b Rotation of principal stress along a failure 
arc in an anisotropic stress system. 
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the failure surface with respect to the horizontal plane varies along 

this failure surface as illustrated. It would be expected then,that if 

the soil is anisotropic with respect to strength, that different values 

of shear strength would exist along this circular arc at failure. 

Failure to account for such anisotropy could result in an unsafe design. 

In addition to inherent anisotropy there also exists a "stress 

system induced" anisotropy. This results from the fact that most in-

situ soils are subjected to an anisotropic stress system where 

a^ = a and a_ = K a, . In an anisotropic stress system, different 

amounts of shear stress are required to produce failure as the major 

principal stress at failure (alf) varies between the vertical and the 

horizontal direction, "even if the clay were isotropic with respect to 

all of its physical properties" (Duncan and Seed, 1966a). Figure 2.7b 

shows an anisotropic stress system and the variation of the direction of 

principal stress at failure along a circular arc. 

Since it is likely that nearly all clays are anisotropic to 

some degree, and because stresses in-situ are also anisotropic, the 

effects of inherent anisotropy and the reorientation of principal stress 

are usually combined in field problems and may be termed "overall aniso­

tropy" . 

Testing samples trimmed from different orientations in com­

pression, such as discussed by Lo and Morin (1972), Eden and Mitchell 

(1970) measures inherent or fabric anisotropy only. In order to measure 

overall anisotropy, the clay fabric should be oriented as it would occur 

in the field, an anisotropic stress system should be applied and then it 
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must be possible to reorient the principal stresses as they would occur 

along a failure surface. Such a test procedure is difficult to obtain 

with present day equipment. 

The best procedure proposed to date to determine overall aniso­

tropy is that discussed by Bjerrum (1973). He recommends that active (A) 

and passive (P) triaxial tests, together with direct simple shear (D) 

tests, be carried out as a standard for obtaining 3 sets of shear strength 

results. This testing technique abbreviated 'ADP', illustrated in 

Figure 2.7c, better represents the conditions of shear (i.e., the re­

orientation of principal stresses) along a failure surface. By combining 

the results of these 3 shear strength measurements, a better estimate of 

the mobilized shear strength along -a failure surface is believed to be 

obtained. Bjerrum (1973) reports that good results have been obtained using 

this method to determine anisotropic undrained shear strengths. 

Anisotropy has great practical significance, especially with 

lean (low clay content, low plasticity) sensitive clays, and may result 

in a ratio of undrained strength in the horizontal and vertical directions 

(Su(H)/Su(V)) in the order of 0.5 ±0.2 (Ladd et al, 1977). Anisotropy 

may also exist with regard to elastic moduli, porewater pressures and Mohr-

Coulomb failure envelopes. Anisotropy is related to plasticity index 

(Bjerrum, 1973; Ladd et al, 1977). It is greatest in clays of low 

plasticity and decreases with increasing plasticity. A possible explana­

tion for this would be that in lean clays friction plays a predominant 

role in the shear strength of the sample, and friction depends upon 

particle contact which has a preferred orientation. 
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Duncan and Seed (1966a) found undrained strengths and the pore­

water pressure parameter Af to be highly anisotropic for overconsolidated 

kaolinite. However, the effective stress parameters of c' and <j>' were 

found to be isotropic. Most natural clays are believed to have aniso­

tropic undrained shear strengths but it is not known whether the effective 

stress parameters are also anisotropic for all clays. Measured values of 

anisotropy for Leda clay will be discussed in Chapter 3. 

2.8 Time Effects 

Time has an important effect on the shear strength mobilized in 

the field. This effect was recognized as a consequence of a review of a 

number of failures of embankments constructed on soft clay by Bjerrum 

(1972) which indicated that the shear strength at failure was considerably 

less than the value observed in conventional shear tests. In addition, it 

was known that some clays would creep under a sustained load and ultimately 

fail under a sustained load that was appreciably less than the strength 

indicated by normal laboratory tests. 

Bjerrum (1973) explains that the reason time has an effect on 

the properties of clay is that the cohesive component of shear strength 

is of a viscous nature due to the resistance of the adsorbed water layer 

that surrounds a clay particle. In contrast, the frictional component of 

shear strength is to a greater extent independent of time. 

An understanding of the effect of time on shear strength lies 

with the knowledge that failure is controlled more directly by strain 

than by stress. As an explanation of this, it is generally accepted that 
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macroscopic failure will take place when a slip surface or a system of 

slip surfaces are formed which represent planes of weakness and thus 

establish a possibility of accelerated shear movements (Bjerrum, 1973). 

The formation of a slip surface is likely to occur when the shear strain 

reaches a point where cohesive bonds begin breaking and a local re­

orientation of particles starts to take place allowing for continued 

shearing along a thin plane of weakness, which is the observed failure 

plane. The effect of time on the shear strength of clay is thus a question 

of the time required to reach the critical shear strain to allow the re­

orientation of particles along a developed plane of weakness. Rizkallah 

(1977) presents electron micrographs of this thin zone of particle re­

orientation along the failure plane. 

Failure will occur in some clays under a sustained load less 

than ultimate when the critical strain is reached by creep over a certain 

period of time. In other words, the cohesive bonds have a certain 'life­

time'. If the shear stress is small, the lifetime will be long, perhaps 

hundreds of years. If the shear stress is high, the lifetime will be short, 

perhaps only minutes or days. 

Generally, the more rapidly a shear stress is applied,the higher 

the shear stress at failure. This is simply due to the fact that less 

time is available for straining (i.e., more time was allowed to increase 

the load before the critical strain was reached). Failure therefore, 

appears to be strain and time controlled as well as stress controlled. 

Bjerrum (1973) estimates that triaxial compression undrained 

strength values decrease 10 ± 5% per log cycle of strain rate for 
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sensitive and plastic clays. Lo (1972) mentions a 10% reduction in 

strength per log cycle of time. 

2.9 Progressive Failure 

Most present day methods of slope stability analyses are based 

upon the concept of limiting equilibrium. Limit equilibrium assumes 

that at the moment of failure every part along the failure surface simul­

taneously attains the maximum strength, drained or undrained as the 

drainage conditions dictate. This is equivalent to assuming that the 

material exhibits elastie-perfectly plastic stress-strain properties 

which satisfies the Mohr-Coulomb criterion. 

This method of analysis has proved acceptable for soils which 

exhibit elastic-plastic behaviour but yields misleading results for 

brittle or strain softening soils (i.e., soils that have a pronounced 

decrease in shearing resistance after peak failure at low strains). 

The assumption that peak shear strength is reached simultaneously along 

a failure surface in a brittle soil would require that an equivalent 

value of strain must exist along the complete length of the failure sur­

face. This can occur only if the failing mass of soil moves as a single 

solid body- which is unlikely. 

In a slope, the most stressed area occurs near the toe as 

illustrated by finite element programs by Lo and Lee (1973). As the shear 

stress increases relative to the shear resistance, possibly due to erosion 

at the toe of a slope or due to loading at the top of the slope, strains 

progress non-uniformly along the critical shear surface. Because of this 
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progressive development of strains that must take place, it is impossible 

to mobilize the peak shearing resistance along the complete failure sur­

face. 

At the moment of incipient failure in a slope (i.e., when the 

factor of safety equals 1.0), the shearing resistance mobilized along a 

failure surface must vary from post-peak in the most overstressed zone, 

to peak conditions over part of the failure surface and most probably pre-

peak conditions in the least stressed zone. As the slope begins to move, 

the peak strength is surpassed along the unfailed portions of the slip 

surface and only the residual strength is operative. Therefore, one must 

consider that at the moment of incipient failure, when the factor of 

safety of the slope reaches a value equal to 1.0, that some average value 

of shear strength, less than the peak, but greater than residual, acts 

along the failure surface as a whole. 

The incompatability of strains along a failure surface are 

further illustrated by the fact that the strain to failure is anisotropic 

for many clays (Lo and Morin, 1972; Duncan and Seed, 1966b), That is to 

say,that different values of strain are required to cause failure as the 

inclination of the failure surface changes along its length. Generally 

samples fail at a strain less than that determined from a vertical test, 

as the inclination varies. Thus, certain parts of the failure surface 

may reach peak strength even before that anticipated according to vertical 

compression tests. 

The process of individual soil elements in a soil mass reaching 

peak strength and then successively failing is called progressive failure. 

The conditions necessary for progressive failure to occur are according 

to Lo (1972): 
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1) the material should possess a strain softening post-peak 

stress-strain relationship, 

2) non-uniformity of stress and strain should exist so that 

at some points in the soil mass the peak strength is exceeded, leading 

to redistribution of stresses. 

To use peak strengths and not account for the possibility of 

progressive failure could lead to an unsafe design. A thorough treatment 

of progressive failure however, may be quite demanding of time and effort. 

It requires a "precise knowledge of the initial and long-term conditions 

in the field" (Law and Lumb, 1978), which may be too difficult to obtain. 

Lo and Lee (1973) have developed a finite element program to obtain a 

solution to this problem, but such a technique appears to be quite complex. 

A much more simple approach using stability charts has been 

presented by Law and Lumb (1978). This method permits the detection of 

local failure in a slope and then assumes post-peak strength to be 

operative over that locality while peak strength is operative over the 

portion of the slope that has not suffered local failure. The authors 

report the method to be successful based upon the re-examination of three, 

well documented case records. The stability charts presented are,however, 

limited to soils that have the same post-peak behaviour of that assumed, 

i.e., residual c' =0 and residual d>' =<i>' (peak). 
' r r P 

Lo (1972) also discusses a simplified approach to be used as a 

first attempt to assess the state of stability of the slope. Ee explains 

that when the effects of anisotropy, time and progressive failure are 

thoroughly accounted for, the resultant shear strength envelope may be 
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quite similar to the residual strength envelope. He suggests that the 

use of the residual strength envelope in stability analyses will result 

in: 

a) a slightly conservative factor of safety in design, 

b) a factor of safety somewhat lower than unity in the 

analysis of landslides. 

Lo and Lee (1973) and Lefebvre and LaRochelle (1973) report good results 

using the residual strength envelope in stability analyses. 

Another interesting approach to the problem of progressive 

failure in an undrained analysis can be concluded from the work of 

Bozozuk (1977). He states that the results of shear strength measure­

ments determined from vane strengths best predicts the "average" shear 

strength mobilized along a failure surface caused by the foundation 

failures of silo towers. He explains that this may be due to the fact 

that both the foundation failures and vane shear test mobilize a value 

of shear strength that is intermediate between peak and residual values 

due to the effect of progressive failure. From this result, it may be 

implied that progressive failure can be incorporated into an undrained 

analysis by the use of field vane shear strength. 

2.10 Summary 

Part A of this chapter provided a commentary on the various 

types of tests presently used to measure both the drained and undrained 

shear strength of clays. It was mentioned that the field vane test 

appears to provide the best estimate of the total stress or undrained 

shear strength. Conventional CIU and CID triaxial tests are the most 
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widely used to estimate the effective stress or drained shear strength 

of clays. The CIU test is the easier and more rapid of the two tests 

to perform, and is able to provide information on both the undrained and 

drained shear strengths, if porewater pressures are measured. The drained, 

constant p' test is, however, gaining wider acceptance especially for 

fissured clays. 

Part B of this chapter discussed the important factors of: 

sample disturbance, sample size, anisotropy, time effects and progressive 

failure and their significant influence on the mobilization of the 

laboratory measured shear strengths along in-situ failure surfaces. It 

was mentioned that if peak strengths were used, failure to account for 

these important aspects could result in an unsafe design. 



- 34 -

CHAPTER 3 

REVIEW OF MEASURED SHEAR STRENGTHS AND 

SLOPE STABILITY ANALYSES OF LEDA CLAY 

3.0 Introduction 

Although much research has been carried out and reported con­

cerning Leda clay, much controversy still exists with respect to most 

aspects of its behaviour. The purpose of this chapter is to provide a 

review of the current literature concerning the aspects of measured 

shear strengths and slope stability analyses and to attempt to clarify 

and explain the reasons behind the conflicting results reported in the 

literature. Furthermore, the explanation and discussion of these 

results provides the justification for the testing programme of this 

thesis and the interpretation of the test results. 

3.1 General 

Current research studies on the numerous slope instabilities 

in Leda clay deposits of Eastern Canada have resulted in two directly 

opposite schools of thought on virtually every aspect of the shear 

strength of these clays and the correct approach to the stability 

analysis of slopes. These two schools of thought may be separated 

geographically and designated as either those in the vicinity of the 

Ottawa River Valley region or those near the Quebec City area in the 

St. Lawrence River Valley region. 
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Most members of the Ottawa Valley region school of thought 

were at one time or are presently associated with the National Research 

Council or nearby Universities and include such respected authors as 

C.B. Crawford, W.J. Eden, R.J. Mitchell, P.M. Jarrett, J.D. Scott and 

D.A. Sangrey. Most members of the Quebec City school of thought were 

at one time or are presently associated with Laval University in Quebec 

City and the University of Sherbrooke, Sherbrooke, P.Q., and include 

such respected authors such as P. LaRochelle, K.Y. Lo, G. Lefebvre, 

C.F. Lee and F. Tavenas. The above people are the authors of frequent 

publications concerning aspects of slope stability and shear strength 

of Leda clay and are listed here so that the reader may recognize names 

mentioned in the forthcoming discussion and associate them with the 

appropriate school of thought. This list is by no means complete and 

many other authors have made significant contributions to the available 

knowledge. 

3.2 Nomenclature 

To begin this discussion, it is perhaps best to start off with 

a simple topic such as the correct nomenclature for the clay deposit. 

LaRochelle et al (1970) suggest the name 'Champlain Sea' clay and rightly 

so since these sediments were deposited during the period of inundation 

by the Champlain Sea. The Ottawa people generally maintain the theoretically 

incorrect yet more recognizable name 'Leda' clay. The justification for 

the retention of this name and a detailed description of the recent geo­

logy of Eastern Canada is presented in Chapter 4. No special distinction 

should be made between these names, however, and both are used inter­

changeably to describe the same clay deposit. 
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3.3 Basic Soil Properties and Structural Integrity of Leda Clay 

3.3.1 Basic Soil Properties 

Crawford (1968) has thoroughly described Ottawa area clays in 

terms of composition, sensitivity, compressibility and overconsolidation. 

Crawford and Eden (1965) present a table listing the basic soil proper­

ties of the clay at thirteen sites in the Ottawa area. These soil pro­

perties are summarized in Table 3.3.1. 

The people in the Quebec City region apparently have concen­

trated much of their reported research at two sites: St. Louis de 

Bonsecours and St. Vallier de Bellechasse. The soil properties at these 

two sites are presented by Lefebvre and LaRochelle (1973) and are also 

summarized in Table 3.3.1. 

As can be seen from the results listed in Table 3.3.1, the 

soil properties of these clays are quite similar. However, the next 

section will illustrate that their structural integrity is quite different 

and this partly accounts for the conflicting results of measured shear 

strengths and approach to slope stability analyses. 

3.3.2 Structural Integrity of Leda Clays 

Scott et al (1976) suggest that two distinct Leda clay types 

from an engineering or structural viewpoint exist. One clay general­

ly is a stratified, fissured material and the other clay type is a 

fairly homogeneous, intact material. Both materials are said to be 

cemented. 



Water 
Content 

Plasticity Liquidity Clay 
Index Index Size 

(kN/m3) Su 

Salt 
Sensi- Content 
tivity gms/litre 

Ottawa 
Area 1 
Clays 

Range 

Mean 

Standard 
Deviation 

49-79 

63.2 

9.3 

14-40 

26.9 

9.1 

0.9-2.5 

1.88 

0.48 

50-80 

64.5 

9.8 

15.1-17.6 0.24-0.40 5-500+ 0.4-13.7 

16.1 0.30 - 1.48 

0.8 0.05 2.94 

St. Vallier 

2 
St. Louis 

59 

69 

37 

23 

.98 

1.82 

65 

79 

16.1" 

17.4" 

.21 

.29 

7 

12 

4 

0.4 

Data from 13 sites presented by Crawford and Eden, 1965 

Data from LaRochelle and Lefebvre, 1971 

Calculated from water contents. 

TABLE 3.3.1 Basic Soil Properties of Leda Clays 
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The cause of the interparticle cementation is not fully under­

stood but is believed to be the result of the deposition of cementing 

agents such as iron oxides or carbonates around the points of contact 

between particles (Penner and Burn, 1978), or these cementing agents may 

be smeared over the entire surface of the particle (Bjerrum, 1973). 

A description of both fissured and intact clays follows. 

a) Fissured clays 

The cause, nature and extent of fissuring is not fully under­

stood. Eden and Mitchell (1970) indicate that fissuring may occur on 

either a 'micro' or a 'macro' scale but fail to define the limits to 

either scale. 

'Macrofissures' are visible in the oxidized crust of a clay and 

may be attributed to stress relief and shrinkage of the clay due to loss 

of moisture (Eden and Mitchell, 1970; Eden, 1975). Such noticeable fis­

sures may also occur in clay exposed to erosion or excavation. Macro­

fissures do not, however, appear to be confined to the desiccated crust, 

which would suggest that other reasons besides loss of moisture result 

in their formation. 

Sangrey and Paul (1971) report macrofissures at a spacing of 

15 to 20 cm in a marine clay along Green Creek. Macrofissures were also 

observed by the author at a spacing of about 15 to 30 cm while attempting 

to obtain block samples from a 4.5 m deep excavation near the northern 

end of Green Creek. The surfaces of these fissures were stained due to 

the effect of water passing through them. Macrofissures oriented parallel 

to the slope face were also observed by the author at several other 
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locations in the Ottawa Valley area. These macrofissures are probably 

the result of stress relief. 

1 Microfissures' are described by Eden and Mitchell (1970) as 

"closely spaced hairline fractures or closed fissures". According to 

the same authors, microfissures may occur as a result of stress relief 

due to overburden removal and slope cutting. The formation of micro­

fissures by this method depends upon whether the magnitude of the 

swelling pressures is greater than the strength of the 'cementation 

bonds' in the clay. A second possible cause of microfissures proposed 

by Eden and Mitchell (1970) may be the fatiguing effect of seasonal 

changes in temperature and/or groundwater pressures on the cemented clay. 

However, none of these reasons can be considered satisfactory to explain 

why microfissuring occurs at depths as great as 20 m (Eden and Mitchell, 

1970). Hence, other as yet unexplained reasons must exist to account for 

the formation of microfissures. 

Since microfissuresare apparently closed and thus not readily 

visible, it is difficult to identify a clay as being microfissured or 

intact. In fact, the actual existence of microfissures in an undesic-

cated, undisturbed clay has been postulated on the basis of indirect 

evidence only. Eden and Mitchell (1970) present a well known photograph 

showing a piece of clay fractured into small blocks or nodules by a 

torsional shearing action. They describe the nodules as generally 

prismatic in shape with well defined planar sides. The size of these 

nodules as observed in samples sheared in torsion, in landslide debris, 

and in samples sheared in the triaxial test, range from 1 to 10 mm on a 
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side. The application of finger pressure to these small nodules causes 

remoulding into a quasi-liquid state. These dimensions of 1 to 10 mm 

perhaps define the spacing between what are termed 'microfissures' by 

Eden and Mitchell. One could briefly say then, that a microfissured 

clay has a system of closed fractures or planes of weakness at a 

spacing of 1 to 10 mm and a macrofissured clay has a system of open 

joints or fissures at a spacing greater than 10 mm, but more commonly 

in the range of 10 to 30 cm. 

No studies are known to this author that provide direct evidence 

to prove that these microfissures exist naturally in an undesiccated clay 

in-situ. Such direct evidence might be provided in the form of X-ray 

photographs of undisturbed clay samples. Until such direct evidence is 

available,it will not be known whether microfissures exist in the field 

or if they are merely the result of sampling disturbance, stress relief, 

sample storage, or induced shear stresses during laboratory testing or 

slope failure in the field. 

b) Intact clays 

Apparently intact clays are known to exist in many areas in the 

Ottawa and St. Lawrence River Valley region (Gadd, 1975; Sangrey and Paul, 

1972; Lo and Morin, 1972). These clays appear to be free of noticeable 

fissures. When subjected to a torsional shearing action, fracturing into 

small blocks or nodules is not observed. This suggests that the failure 

mechanism is different than that of microfissured clays. Landslide scars 

are known to exist in both intact and fissured clays (Gadd, 1975,1976; 

Sangrey and Paul, 1971; Scott et al, 1976). 
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3.4 Stress-Strain Behaviour and Test Procedure 

This section discusses the influence of test procedure on the 

observed stress-strain behaviour of Leda clays. 

3.4.1 Drained Constant p' Triaxial Tests 

m 

Eden and Mitchell (1970) and Mitchell (1970a,b; 1975) recommend 

the use of drained constant p' triaxial tests for the reasons discussed 
m 

in Section 2.2.2. Constant p' tests may be stress controlled or strain 
rm J 

controlled and each of these tests is now discussed. 

a) Stress Controlled, Constant p' Triaxial Tests 

During this test, a dead load is placed on the sample and 

maintained until the rate of strain reaches a typical value less than 

2% per day (Toombs, 1974). Approximately 8 to 10 increments are applied 

prior to failure, with smaller increments being applied as the anticipated 

failure stress is approached. As the load approaches the ultimate value, 

increased axial straining takes place until plastic yielding under a 

sustained load occurs. When the critical failure strain is reached, 

catastrophic failure will occur under that load. Thus, the test procedure 

would induce an apparent elastic-plastic stress-strain behaviour similar 

to that illustrated in Figure 3.4.1a. 

Residual strengths cannot be measured because of the catastrophic 

type of failure. Residual strengths may however, be measured by strain 

controlled, constant p' tests. 
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b) Strain Controlled, Constant p' Triaxial Tests 

Strain controlled, constant p' triaxial tests must often be 
rm 

run at faster rates of strain than stress controlled tests due to the 

limiting displacement rates available on commercial testing equipment. 

Thus, as illustrated in Figure 3.4.1b, the initial tangents to the stress-

strain curves of strain controlled tests are generally steeper and the 

samples fail at higher deviatoric stresses than the incrementally loaded 

stress controlled tests. This is a result of the effects of time, dis­

cussed in Section 2.8. More precisely, it is a result of the fact that as 

the ultimate load is approached, creep deformation under a sustained load 

occurs in the stress controlled tests. This causes increased straining 

with the result that the critical strain at failure, approximately 1% in 

this case, is reached at lower values of deviatoric stress. 

The stress-strain behaviour resulting from a strain controlled 

constant p' triaxial test generally exhibits a peak value followed by a 

small reduction in deviatoric stress to a residual value. However, the 

validity of the residual strength measurement may be open to question. 

After the sample fails during a test, the principal stress a' reduces. 

To maintain p' constant, the confining pressure cr', must be increased. 

This increase in confining pressure after failure does not represent the 

field condition and furthermore, effectively increases the apparent load 

supporting capacity of the failed sample. This results in an apparently 

small reduction in strength after the peak and indicates an artificially 

high value of residual strength. 

The volume changes in both the stress controlled and strain con­

trolled constant p' tests are dilative as illustrated in Figures 3.4.1a and b. 
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3.4.2 Conventional CIU and CID Triaxial Tests 

LaRochelle and Lefebvre (1971), Lo and Morin (1972) favour the 

use of the more conventional strain controlled CIU and CID triaxial 

tests which were discussed in Chapter 2. 

A CID test (a' = constant) results in a constantly increasing 
a i + a 3 3 

value of p' = ^ until failure occurs. A CIU test (a = constant) 
CT1 + °3 results in a constantly increasing value of p = ~ until failure 

occurs. Both test procedures prevent or reduce sample dilation and 

generally induce volume compression. 

Lo and Morin (1972), Bozozuk (1977), and many others indicate 

that the stress-strain behaviour of Leda clay, according to the results 

of CIU and CID tests, is generally that of a brittle strain-softening 

material, although elastic-plastic behaviour is occasionally observed at 

very low confining pressures. The clay usually displays a peak strength 

at about 1% strain and then exhibits a rapid decrease in strength to a 

residual value. This stress-strain behaviour is also illustrated in 

Figure 3.4.1a. In both CIU and CID tests, the cell pressure is held 

constant throughout the test, not like the constant p' test, hence the 

residual strength may be more meaningful. 

3.4.3 Discussion 

Thus, it would appear that test procedure has a significant 

effect on the stress-strain behaviour of Leda clay. The apparent elastic-

plastic behaviour from the results of stress controlled, constant p' 
m 

triaxial tests appears to be merely the result of test procedure. 
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Although elastic-plastic behaviour occasionally occurs at 

very low confining pressures in conventional CIU and CID triaxial 

tests, brittle strain softening, stress-strain behaviour may be more 

characteristic of Leda clay. 

The next section presents and discusses typical effective 

stress failure envelopes for Leda clay determined from the results of 

both conventional CIU and CID triaxial tests on intact clays, and stress 

controlled constant p' triaxial tests on microfissured clays. 
rm J 

3.5 Effective Stress Failure Envelopes 

3.5.1 Intact Clays 

Figure 3.5.1 illustrates a typical peak failure envelope re­

ported for an intact clay from St. Louis, Quebec, as determined from the 

results of conventional CIU and CID triaxial tests. The failure envelope 

exhibits a high point that occurs approximately at a value of effective 

confining pressure p' = 0.5 p' (where p' = the preconsolidation pressure 

measured in the oedometer test), and then decreases to a low point. When 

the value of p' = p', the failure envelope merges with the straight line 

corresponding to the unstructured strength of the material. 

The value of p' = 0.5 p' indicates the average effective stress 

at which structural breakdown of an intact clay begins to occur. This 

point is of interest and will be discussed further in other sections of 

the thesis. 

At values of p' < 0.5 p', the stress-strain behaviour of the 

material is brittle with a decrease in strength to a residual value after 
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Figure 3.5.1 Peak failure envelope, intact St. Louis clay. 
Determined from conventional CID and CIU triaxial 
tests, (after Lo and Morin, 1972) 
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the peak stress is exceeded (Lo and Morin, 1972). Failure strains are 

generally below 1%. The pore pressure measured in undrained 

tests decrease after the maximum stress difference (a. - a„) is reached. 

The mechanism of failure is generally by a combination of vertical split­

ting and a shear plane. 

At values of p' > 0.5 p' but less than where the low point 

occurs in the failure envelope (point L), the failure strains increase 

with consolidation pressure. Pore pressures remain constant or increase 

slowly after (a, - a„) is reached. 
1 3 max 

At values of p' greater than point L, the stress-strain behaviour 

becomes elastic-plastic and the failure strains increase. Pore pressures 

also increase with strain. Samples generally fail by bulging. 

3.5.2 Fissured Clays 

Figure 3.5.2 illustrates a typical failure envelope reported 

for a fissured clay. More precisely the term microfissured is generally 

used to designate clays with this type of behaviour. Macrofissured clays 

can often exhibit an apparently intact failure envelope since the spacing 

of the fissures is often greater than the dimensions of triaxial samples. 

Three effective normal stress ranges are apparent for micro­

fissured clays. These are the low, intermediate and high stress range. 

In the low effective stress range, below about 0.5 p', the 

shear strength is strongly dependent upon normal stress. This shear be­

haviour appears to be a result of the presence of closely spaced hairline 

fractures or microfissures. The clay mass behaves as a "densely packed 
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granular material" in this stress range (Eden, 1975). The failure 

surface of samples in this low stress range is often "stepped or 

nodular" (Toombs, 1974) due to dilation. Jarrett (1972) reports that 

for samples of microfissured Rockcliffe clay, the failure surface is 

reduced to a "disintegrated, wet mass of clay granules ... similar to the 

condition of soil debris left after landslides in this type of soil." 

Low cohesion intercepts and high friction angles are common in this 

stress range. 

At stress levels between about 0.5 p' and p', the intermediate 
rc c 

stress range, the behaviour of the clay is controlled by the strength of 

the cemented clay structure and is less dependent on effective normal 

pressure. The stress-strain behaviour of the clay in this region is re­

ported as being characteristic of a brittle material (Eden, 1975). This 

range exhibits high cohesion intercepts and low <J>' angles. 

At stress levels above the preconsolidation pressure (p'), the 

high stress range, the clay behaves in a normally consolidated, unstructured 

manner that results in large strains to failure and large volume reduction 

during consolidation and shear. The stress-strain behaviour is either 

that of an elastic plastic or strain hardening material. Failure of tri­

axial samples occurs as bulging with no distinct failure surface. This 

range exhibits a smaller or zero cohesion intercept and a friction angle 

about 2/3 the value determined in the low stress range. 

3.5.3 Discussion 

The low effective stress range is considered applicable for 

slope stability considerations according to Eden and Mitchell (1970), 
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Mitchell (1970b), Jarrett (1972), Lo and Lee (1973) and Lefebvre and 

LaRochelle (1973). The low effective stress range can generally be 

considered to be below values of p' = 0.5 p'. This will be further 
c 

demonstrated in Chapter 6. 

It would appear then that two distinctive failure envelopes 

exist in the low stress range; one for an intact clay and the other for 

a microfissured clay. Figure 3.5.3 illustrates typical effective stress 

failure envelopes for an intact and microfissured clay of the same un­

drained vane strength and with the same preconsolidation pressure. 

The intact failure envelope intersects the unconfined com­

pression line at a stress level corresponding quite well with the shear 

strength measured by the field vane. (This is further demonstrated in 

Chapter 7). The exact point at which the intact envelope intersects the 

q = ~ axis is not precisely known since tensile tests are required 

to determine failure points to the left of the unconfined compression line, 

as discussed in Chapter 2. The intercept with the q axis, which is simply 

related to the effective cohesion parameter c', is generally determined 

by the extrapolation of the failure envelope from the low effective stress 

region on the right of the unconfined compression line. 

The apparent effect of microfissures is to weaken the strength 

of the intact clay. The peak microfissured envelope lies below the peak 

intact strength envelope in the low effective stress range. It inter­

sects the q axis at a quite small value. 

Both peak intact and peak microfissured envelopes}for clays of 

similar vane strength and preconsolidation would appear to intersect at a 
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value of p' = 0.5 p' which defines the beginning of the intermediate 

stress range. This is a result of the fact that the higher confining 

pressure causes microfissured clay to behave essentially the same as an 

intact clay mass. Thus, the measured shear strength of both materials is 

quite similar in the intermediate stress range. 

The effect of various factors such as sample disturbance, 

sample size, anisotropy, time and stress path followed to failure on the 

effective shear strength envelope in the low effective stress region is 

discussed in the next section. 

3.6 The Effect of Certain Factors on the Effective Stress Shear Strength 

Envelope 

This section presents and discusses the effects of certain 

factors such as sample disturbance, sample size, aniostropy, time and 

stress path on the effective stress failure envelope of both intact and 

microfissured clays. In addition, the effect of progressive failure 

occurring in the field is also discussed. As the reader will realize, 

there is a real conflict of results and opinions reported in the literature. 

3.6.1 Sampling Disturbance 

In Section 2.5 references were cited that indicated sampling 

disturbance, as a result of using small diameter thin walled tubes, could 

cause a reduction of unconfined compressive strength and modulus of 

elasticity by as much as 50 to 60% of the values measured on samples 

trimmed from blocks. LaRochelle and Lefebvre (1971) indicate that the 

peak effective stress failure envelope is also affected by sampling 
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disturbance. Figure 3.6.1a illustrates the results of CIU and CID tests 

on tube and block samples from St. Louis. The results show that "peak" 

failure conditions on the tube samples correspond to the "post-peak" 

strength at large deformation on the block samples. This indicates that 

the "cementation" bonds are broken during the process of sampling. Note 

that the peak failure envelope of the block samples begins at a point on 

the unconfined compression line defined by the shear strength determined 

from the field vane test. It would thus appear that any results lying 

below the shear strength level defined by the field vane would probably 

be from disturbed samples as indicated on Figure 3.6.1a. 

Contrarily, Mitchell and Lawrence (1973), Toombs (1974) and 

Mitchell (1975) have found that for the microfissured Leda clays of 

Eastern Ontario good tube samples give the same shear strength as block 

samples in the low stress range of testing since the dilative frictional 

strength attributed to the imperfections in the material is not sensitive 

to disturbance. The shear strength determined by the field vane for 

microfissured Leda clays does not mark the beginning of the failure 

envelope as it did for the intact Leda clays, as illustrated in Figure 3.6.1b. 

It does, however, appear to indicate the shear stress level of the inter­

mediate stress range, where the cementation bond strength dominates. The 

field vane then appears to measure this cementation bond strength. All 

points in the low effective stress range fall below the field vane 

strength indicating that structural imperfections such as fissures con­

trol the shear strength in this stress range, as suggested by Eden and 

Mitchell (1970). 
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Lo (1970) has explained that the field vane test actually 

measures the intact shear strength of a clay even if it is fissured. 

This is a result of the fact that in a vane test the clay is forced to 

fail along a predetermined cylindrical surface, whereas the fissure pat­

tern is predominantly planar in shape. Thus, the probability of failure 

occurring on any significant area of fissure surface is small, and the 

vane test would then in fact measure the intact strength. That is why 

the vane strength indicates the cementation bond strength in Figure 3.6.1b. 

3.6.2 Sample Size 

Intact, homogeneous clays are obviously not affected by sample 

size. However, the extrapolation of shear strength results, determined 

on apparently intact triaxial samples to a clay mass that may be macro­

fissured in the field, may result in an unsafe estimate of the factor of 

safety. A good example of this, reported by Lafleur (1978), was dis­

cussed in Section 2.6. 

Mitchell (1970b) found little affect due to sample size (3.8, 

6.4, 10.2 cm diameter specimens) on the measured shear strengths of micro­

fissured clays from Eastern Ontario. This is a result of the extensive 

occurrence of microfissures throughout the samples. Eden and Mitchell 

(1970,1973) suggest that 5 cm diameter samples are sufficiently large to 

eliminate any effects of sample size. 

3.6.3 Time Effects 

Mitchell (1970b) reports that for tests on microfissured Leda 

clay in the low stress region "failure is not affected by rates of testing 
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ranging from 3 hours to one (The general dilatancy allows fluid to enter 

the specimen on demand at failure.)" 

Lo and Morin (1972) report that a forty-fold reduction of strain 

rate for a series of CID tests resulted in a 20% reduction in the peak 

drained shear strengths of intact clay samples. However, they also 

report that the residual or post-peak envelope is independent of type of 

test or strain rate. 

3.6.4 Anisotropy 

Mitchell (1970b), testing microfissured Rockcliffe clay at in­

clinations of 0°, 45°, 90° from the horizontal found shear strength to be 

essentially independent of anisotropy in the low stress region, but de­

pendent on anisotropy in the intermediate stress region. Jarrett (1972) 

also tested Rockcliffe samples at inclinations of 0° and 90°, but in the 

very low stress range in tension according to the method of Bishop and 

Garga (1969). He noted that shear strength was independent of inclination, 

but that mode of failure was dependent on inclination. 

Lo (1972) reports that peak strengths of intact Leda clays are 

highly anisotropic in the low stress range, but that post-peak or residual 

shear strengths are independent of anisotropy in the low stress region. 

It should be noted that published studies of anisotropy in Leda 

clay on samples cut at various orientations have measured only inherent 

or fabric anisotropy and not the stress-system induced anisotropy that 

was mentioned in Chapter 2. In order to study stress-system induced 

anisotropy, tests similar to those proposed by Bjerrum (1973) would have 

to be performed. 
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Tensile strengths also appear to be anisotropic although 

limited data exists on this aspect. Lo and Morin (1972), using Brazilian 

splitting tests, found a tensile strength along the stratification of 

2 kPa, and across the stratification of 7 kPa. Further tensile tests 

have been reported but without measurements of anisotropy. For example, 

Conlon (1966) reports a tensile strength of 16.5 kPa for a stiff, 

Tolunostoc clay, determined from extension tests. Yong (1976) carried 

out Brazilian tests on clay from Orleans, Ontario and found tensile 

strengths to be 1/8 to 1/10 of the unconfined compressive strength. 

3.6.5 Stress Path Followed to Failure 

a) Microfissured clay 

Mitchell (1975) reports the results of a series of conventional, 

strain controlled CID triaxial tests, as well as stress controlled, drained 

constant p' triaxial tests on samples cut from blocks from a site on 
m 

Heron Road, near Bronson Avenue in Ottawa. The results of these triaxial 

tests, conducted in the low effective stress range, are illustrated in 

Figure 3.6.5a. The results indicate that conventional CID triaxial tests, 

even at very slow rates of strain, yield strength values significantly 

higher than those determined from stress controlled, constant p' tests. 

Mitchell concludes that this is a result of the dilative mode of failure 

that occurs at low effective stresses in constant p' tests, which he 

m 

attributes to the presence of microfissures. He further proposes that 

°i + c3 

because of the constantly increasing values of p' = = in a con­

ventional CID test, dilation is prevented which thereby results in a 

stronger sample. 



- 58 -

as 

0.2 0.3 0.4 0.5 

(Oi'*<TJ)/2. kg/cm2 
0.7 0.8 

Figure 3.6.5 a Triaxial tests on clay from Heron Road, 
(after Mitchell, 1975) 
Field vane strength = 60 kPa, p' = 200 kPa. 

C 

60 — 

AO — 

20 

0.5 p» 

— 

— 

1 

F ie ld vane 
s t reng th . 

y4 
jn± 

1 

1 

Low 

1 

stress 
region 

Sk 

. 

i 

1 -

f\ 

3 

"C—I 1 

Intermediate s t ress 
reg ion Q 

a —- " 

TOOMBS ( 1 9 7 3 ) 

CONSTANT p' TESTS 
m 

EOEN a MITCHELL ( 1 9 7 3 ) 
CONSTANT p' TESTS 

m 

EOEN S MITCHELL ( 1 9 7 3 ) 
CONSTANT 0 7 ' TESTS 

1 1 

— 

— 

20 40 

07'+ <rt' 

60 

< N/m 

60 100 I20 

Figure 3.6.5 b South Nation River shear strength envelope, 
(after Scott et al, 1976) 



- 59 -

However, the contribution of microfissures to dilation is 

questionable. Scott et al (1976) have shown that dilation occurs at low 

confining pressures during a constant p' test even in an apparently intact 

clay. Hence, it would appear that dilatancy is simply a result of shear 

under constant or decreasing effective normal stress and is not a direct 

result of microfissures. 

Dilation of a microfissured clay during a constant p' triaxial 

test may permit a different mode of failure to develop than that occurring 

in a conventional CID triaxial test, where dilation generally does not 

occur. Under dilative, constant p' test conditions, microfissured clay 
m 

behaves as a dense granular material with shear failure occurring as 

relative movement between clay particles. In a conventional CID triaxial 

test, shear failure takes place partly as a result of relative movement 

between clay particles and partly as a result of shear through the intact 

clay particles, because dilation is prevented. This results in a higher 

value of shear strength. Furthermore, dilation along the failure plane 

results in an increase in water content which subsequently reduces the 

strength of the clay. 

Ladanyi (1970) has adapted shear strength envelopes for jointed 

rock masses to explain the effect of dilation and effective normal stress 

on the measured shear strength of a fissured clay. 

It would be expected that in the intermediate stress range, 

where dilation is prevented, the stress path should not affect the 

measured shear strength results, since the mechanism of shear would be 

through the intact clay mass for either test procedure. This fact is 
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illustrated in Figure 3.6.5b which illustrates the results of stress 

controlled constant p' triaxial tests and strain controlled conventional 
m 

CID tests on fissured clay from the South Nation River. In the inter­

mediate stress range, the results of three CID triaxial tests fall quite 

close to the values determined by constant p' triaxial tests. 

m 

Conventional CID triaxial test results may yield shear strength 

results similar to the results from constant p' tests, in the low effective 
m 

stress range, if the strength of the intact clay mass is disturbed by 

sampling procedures, as might be the case with small diameter thin walled 

tube samples. 

One important point to note from Figure 3.6.5a is that the 

residual strengths from conventional CID triaxial tests yield approxi­

mately the same shear strengths as constant p' triaxial tests. This 

suggests that residual strengths from conventional triaxial tests may be 

used to approximate the failure envelope determined from constant p' 

triaxial tests. 
b) Intact clays 

Few constant p' tests have been performed on samples of intact 

clay, hence it is difficult to arrive at any definite conclusions con­

cerning the effect of different stress paths on intact clays. It would 

be anticipated that a dilatant mode of failure should not effect the 

shear strength envelope, since the mode of failure occurs through the 

intact clay mass whether the sample dilates or not. 

Scott et al (1976) have indicated that both stress controlled, 

drained, constant p' tests and conventional strain controlled, drained 
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al = constant triaxial tests yield the same peak envelope for an intact 

clay from Hull, Quebec. These results are illustrated in Figure 3.6.5c. 

The constant p' tests exhibited greater dilatant tendencies but the di­

latancy did not result in a reduction in shear strength as it would have 

for a microfissured clay. 

It is also important to note from Figure 3.6.5c that the resi­

dual or post-peak failure envelope is not the same as the constant p' 
m 

failure envelope, as it was for the microfissured clays. 

Further stress and strain controlled, drained constant p' 
m 

triaxial tests are required to fully investigate the effect of test 

procedures on the effective stress failure envelope of intact clays. 

3.6.6 Progressive Failure 

As discussed in Section 2.9, in order for progressive failure 

to occur, the material must possess a strain softening post-peak stress-

strain relation. The stress-strain behaviour of an intact clay is that 

of a strain-softening material as illustrated by the results of Lefebvre 

and LaRochelle (1973), Lo (1972) and Lo and Morin (1972). Thus, the 

possibility of progressive failure is an important factor that must be 

considered in slope stability analyses of intact Leda clays. Substantial 

progressive failure may result in the post-peak shearing resistance being 

operative over a significant part of the failure surface in an intact clay. 

The stress-strdin behaviour of microfissured clays appears to 

be affected by test procedure. Both stress controlled and strain con­

trolled constant p' triaxial test exhibit an artificial elastic-plastic 
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stress-strain behaviour. For conventional CID and CIU triaxial tests, 

both elastic-plastic and strain softening behaviour have been observed. 

However, it is considered that the strength of microfissured clays at 

large strains should be less than the peak value. Hence, progressive 

failure may also be a possibility in microfissured clays. 

3.6.7 Discussion 

This section has reviewed the effects of many factors on the 

effective stress failure envelope of Leda clay. Conflicting results have 

been reported for just about every aspect of shear strength of Leda clay. 

This has led to much confusion for the practicing geotechnical engineer. 

There are two interrelated reasons behind these many conflicting reports: 

1) two different clays have been tested; one is microfissured 

and the other is intact, 

2) different test procedures have been used in the literature 

to describe the behaviour of each of these materials. 

Table 3.6.7 summarizes the conflicting results for the two clays 

as reported in the literature. This table clearly illustrates that the 

two clays behave apparently quite differently. However, it must be 

emphasized that the behaviour of the microfissured clays has been 

studied by the use of a stress controlled, constant p' triaxial test, 
m 

while the intact clays have been studied by conventional CID and CIU 

triaxial tests. It is not known whether all the comments describing the 

distinct behaviour of microfissured clays in Table 3.6.7 would be appli­

cable if conventional CID or CIU tests had been used to study its be­

haviour (i.e., the comments in Table 3.6.7 may be a function of test 

procedure). 
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Item 
Microfissured 

Clays 
Intact 
Clays 

Commonly used 
test procedure 
in the literature 

Stress controlled drained, 
constant p' triaxial tests 

m 

Conventional, strain 
controlled CIU or 
CID triaxial tests 

Observed stress-
strain behaviour 
using this test 
procedure 

Elastic-plastic 

Characteris tics 
of effective 
peak failure 
envelope 

Is effective peak 
failure envelope 
affected by*: 

Tube sampling 

Sample size 

Time effects 

Anisotropy 

Progressive 
failure 

Low c' 
High cj>' 

No 

No 

No 

No 

No 

Brittle, strain-
softening 

Higher c' 
Lower <j)' 

Yes 

No, only if macro­
fissured 

Yes 

Yes 

Yes 

From the results reported in the literature using appropriate test pro­
cedure in the low stress range. 

TABLE 3.6.7 Comparison of the Behaviour of Clay 
Types as Reported in the Literature 
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In retrospect, it would appear that much confusion still exists 

in the selection of the correct testing procedure to determine the shear 

strength of a clay, for the purpose of slope stability analyses. In 

addition, it appears that the choice of test procedure has a significant 

effect on the outcome of the test results, especially if the clay is 

microfissured. 

To provide insight into the dilemma of whether the effective 

shear strength envelope of constant p' triaxial tests, or the peak or 
m 

residual failure envelope of conventional CIU or CID triaxial tests 

should be used, it is beneficial to look at the results of stability 

analyses in Leda clay slopes using the results of different test pro­

cedures and different failure envelopes. This will be described in the 

next section. 

3.7 Stability Analyses in Leda Clay Slopes 

3.7.1 Total Stress Stability Analyses 

Total stress stability analyses of Leda clay slopes have been 

found to yield unreliable factors of safety. For example, Eden and Jarrett 

(1971) report that a total stress analyses using undrained shear strengths 

determined by the field vane predicted an unrealistic factor of safety of 

3.9 for a failed slope in Orleans, Ontario. 

The principal reasons why total stress analyses provide un­

satisfactory results in Leda clay are discussed below. 

a) The field vane test measures the intact strength of the soil 

as explained in Section 3.6.1. Hence if the soil is fissured as at 

Orleans, the factor of safety will be overestimated. 
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b) Generally no account is made for the effects of anisotropy 

or the reduction in strength with time. 

c) The effects of groundwater conditions are ignored. 

Field observations of Leda clay slopes indicate that ground­

water conditions are critical to the stability of a slope (Scott et al, 

1976; LaRochelle, 1975) and that most slope failures occur in the spring 

and fall when groundwater conditions are most detrimental to the stability 

of a slope (Eden and Mitchell, 1970). Kenney (1975) estimates that 

seasonal fluctuations in groundwater pressures can change the shear 

strength of a soil by as much as ±10%. Thus, it would seem that any 

method that ignores such an important effect such as groundwater is bound 

to yield unreliable results. 

Advanced forms of total stress analysis have been-proposed by 

Ladd and Foott (1974) and Bjerrum (1973) that account for the affects of 

anisotropy. These methods apparently are successful for embankment design 

but are as yet of uncertain reliability for natural slopes and will not 

be discussed further. 

The recognition of the fact that undrained behaviour of saturated 

clays is governed by effective stresses has led to the suggestion that the 

more theoretically correct effective stress method should be used for the 

stability analysis of all natural slopes (Janbu, 1975,1977; Schmertman, 

1975). Only effective stress stability analysis of Leda slopes based 

upon determined groundwater conditions could then be considered accept­

able and are discussed in the following section. 
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3.7.2 Effective Stress Stability Analyses 

Mitchell (1970a), Eden and Jarrett (1971), Eden and Mitchell 

(1973) have analyzed many landslides in Ottawa area fissured clays using 

effective strength parameters determined from stress controlled, drained 

constant p' triaxial tests. They found factors of safety of close to 

unity in all cases assuming nearly full saturation of the slope. This 

indicates the success in using shear strength parameters determined from 

stress controlled, constant p' triaxial tests. 
m 

Lefebvre and LaRochelle (1973) analyzed slope failures in in­

tact clays at St. Louis and St. Vallier using peak shear strength para­

meters determined from conventional CIU and CID tests and found a "gross 

overestimate of the factors of safety". When the post-peak or residual 

failure envelope was used, they found factors of safety close to unity. 

Lo and Lee (1973) have analyzed well documented landslides at 

Breckenridge, Green Creek, Rockcliffe (Mitchell, 1970a) and the South 

Nation River (Eden et al, 1971) using residual strength parameters 

determined for the intact St. Vallier clay and report factors of safety 

close to unity. They suggest that these residual parameters can be used 

for the long term slope stability analysis of all Leda clays. 

The success of Lo and Lee's analysis using residual factors of 

safety lies with the fact that at low effective stresses, both constant 

p' and conventional CID or CIU residual strength envelopes yield essentially 

the same effective stress shear strength parameters of c' and <J>' for clays 

of similar strength and geotechnical properties. 
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It is apparent that peak shear strength parameters determined 

from CIU and CID tests on intact clay cannot be relied upon to provide 

reliable estimates of the factor of safety of a slope over the long term. 

If peak strengths were to be used, one would have to consider and correct 

the results for such important factors such as: anisotropy, reduction 

in strength with time and possibility of progressive failure. 

Lo and Morin (1972) have shown experimentally that when the 

peak envelope is corrected for the effects of anisotropy and time effects, 

the resultant envelope falls near to the residual failure envelope, but 

slightly higher. This is illustrated in Figure 3.7.2a. It would be 

expected then that stability analyses using residual strength results 

would be slightly conservative. 

The success with the use of residual strength parameters for 

the prediction of long term slope stability of intact clay slopes justi­

fies their continued use, but does not prove that the concept of residual 

strengths existing in Leda clay slopes is correct from a theoretical 

standpoint. When Skempton (1964) proposed the use of residual strengths 

for the long term stability analysis of clay slopes, he did so based on 

the observation that slope failures of insensitive London clay were 

generally preceded by movement along a thin failure surface, in which the 

soil was strained to a post-peak or residual condition. Skempton speci­

fically notes that his concepts of residual strength may not be applicable 

to the sensitive Leda clays of Eastern Canada. 

Lo and Lee (1973a,b) propose a different mechanism to justify 

their use of residual strengths. By the results of a finite element pro­

gram, which apparently simulates the geological development of a slope, 
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they indicate that a large zone of 'overstress' exists in natural slopes. 

Figure 3.7.2b illustrates these overstressed or local failure zones for 

two Leda clay slopes. Lo and Lee propose that in these large zones of 

'overstress', the peak strength has been exceeded and only the residual 

strength remains to be mobilized at the time of failure. However, the 

validity of this concept is questionable. Leda clay is so brittle and 

sensitive (frequently in excess of 10), that once the peak strength is 

exceeded, especially over such a large area as that indicated by Lo and 

Lee (1973), dramatic failure of the slope should occur. Hence, it is 

not plausible that a slope would remain standing if such a large portion 

of it was in a residual strength condition. 

It is postulated that due to the strength of their cementation 

bonds, Leda clays in slopes have maintained their brittle, sensitive, peak 

strength characteristics. At the time of incipient failure, a strength 

of a similar magnitude as the residual value is mobilized along the 

failure surface due to the effects of progressive failure, anisotropy and 

time. It is for this reason that residual strength parameters yield a 

good estimate of the stability of Leda clay slopes. Hence, the use of 

residual strength parameters is actually an empirical solution to the 

problem of slope stability analyses in Leda clay. 

The important thing to realize, however, is that at the low 

effective stresses commonly determined for slope failures, both failure 

envelopes determined from stress controlled, drained, constant p' tests 
m 

and the post-peak or residual failure envelope from conventional (a = 

constant) triaxial tests yield essentially the same effective shear 

strength parameters for microfissured clays (Mitchell, 1975). Since it 
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is evident from the results of stability analyses in the literature that 

these parameters yield reliable factors of safety, it is suggested that 

either the constant p' failure envelope or the conventional CID or CIU 
m 

residual failure envelope may be used to estimate the factor of safety 

of a slope in a microfissured clay over the long term. 

For intact clays, preliminary evidence indicates that stress 

controlled, drained, constant p' tests may yield the same failure envelope 

as the peak envelope from conventional (a„ = constant) tests. If peak 

strengths provide a gross overestimate of the factor of safety of an in­

tact clay (Lefebvre and LaRochelle, 1973), then the use of the failure 

envelope from constant p' tests would also overestimate the factor of r rm 

safety for intact clays. Hence, from the results reported in the litera­

ture, it would appear that only shear strengths similar in magnitude to 

post-peak or residual strengths may provide reliable factors of safety 

for intact clays. 

One could then say that the use of the residual strength para­

meters defined by conventional (o = constant) tests would provide a 

satisfactory, although probably conservative estimate of the long term 

stability of either an intact or microfissured clay. It must be emphasized 

that such an approach is empirical and is based upon successful use as 

reported in the literature. 

Lo and Morin (1972) have shown that the residual strength 

envelope is independent of: anisotropy, time effects, size effects, type 

of test and obviously progressive failure. Since the residual envelope is 

independent of the type of test, it is suggested that CIU tests would be 

adequate to define it. CIU tests are simple and rapid to perform and are 
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easily achievable by most geotechnical consulting firms. Furthermore, 

it would appear that good tube samples would be adequate for testing 

purposes, although piston samples would be preferred. Block samples 

would not be needed since only residual strengths are required. 

Since the use of residual strength parameters would probably 

result in slightly conservative results, high factors of safety would not 

be required for design. 

3.8 Summary and Conclusions 

This chapter has reviewed the basic soil properties, structural 

integrity, stress-strain behaviour and measured shear strengths of Leda 

clay. In addition, the effects of various factors such as sampling dis­

turbance, sample size, time, anisotropy, stress path and progressive 

failure on the measured shear strengths were discussed. It was pointed 

out that much confusion exists today for the practicing geotechnical 

engineer concerned with slope stability analyses because of the conflicting 

results and opinions reported in the literature concerning just about every 

aspect of the shear strength of Leda clay. 

The reason for the confusion in the literature was explained as 

a result of two interrelated factors: two structurally different clays 

have been tested, and different test procedures have been generally used 

for each of these clays. Stress controlled, drained constant p' triaxial 
m 

tests have been generally used to study microfissured Leda clays while 

conventional strain controlled CIU or CID triaxial tests have been 

generally used to study intact Leda clays. 
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As a result of the different test procedures, one could use 

effective stress shear strength parameters of c' and <j>' determined from 

the failure envelope of constant p' triaxial tests or from the peak or 
m 

post-peak failure envelope from the conventional CIU or CID triaxial 

tests. A review of the reported results of stability analyses using the 

various shear strength envelopes has indicated that the use of the c' and 

<!>' parameters, determined from the failure envelope of either constant p' 
m 

triaxial tests or the residual strengths of conventional CIU or CID tri­

axial tests, yield satisfactory factors of safety in microfissured clays. 

However, only c' and <f>? parameters similar in magnitude to those deter­

mined from the residual shear strength envelope, provide conservative 

factors of safety for intact clay slopes. 

On the basis of conservative yet satisfactory estimates of 

factors of safety, it was suggested that residual strengths determined 

from conventional (a = constant) triaxial tests could be used as a 

preliminary estimate of the stability of slopes of either microfissured 

or intact clays. It must be noted however, that the justification for 

this approach is largely empirical and that the use of residual strengths 

is not conceptually correct. 
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CHAPTER 4 

GENERAL PLEISTOCENE GEOLOGY 

OF THE OTTAWA RIVER VALLEY REGION 

4.0 Introduction 

The Ottawa River Valley region as it appears today has under­

gone a complex geological history that has involved glaciation, marine 

submergence, fluvial erosion and mass wasting. These geological pro­

cesses have resulted in the deposition of a variety of sediments, each 

with distinct characteristics. The deposited clay in particular, is 

not unique throughout the region but exhibits considerable variability 

in geotechnical properties. In an effort to fully appreciate the 

heterogeneity of the deposits, the geological history of the region is 

briefly discussed below. Each class of sediment is discussed in 

detail, once the overall geologic picture is presented. 

4.1 General 

Recent evidence by Gadd (1975,1977) advocates the single 

advance of a Laurentide ice sheet of Wisconsin age throughout the region 

and the deposition of a single, thin (generally less than 3 m), dis­

continuous layer of till and some ice contact, sand and gravel over the 

bedrock. An ice dam in the vicinity of Quebec City allowed the forma­

tion of a glacial meltwater lake, following the retreat of the ice 

sheet from the Ottawa Valley. 



- 76 -

A thin (2-8 metres) stratum of light and dark grey banded 

clay and silty clay varves was deposited over the till. By assuming 

each varve couple represents one year of deposition, Fransham (1978) 

estimates that in the vicinity of the Ottawa Valley, this glacial 

freshwater lake would have existed for about 600 years. 

At approximately 12,800 years BP (before present) the ice 

dam near Quebec City was breached (Gadd, 1977) and the region was in­

undated with saline water. The mixture of saline and fresh water 

resulted in what is termed "brackish" water. This early stage of the 

"Champlain Sea" was about 150 metres deep (Fransham, 1978). Figure 4.1.1 

illustrates the extent of the Champlain Sea throughout Eastern Canada. 

Streams and rivers brought silt and clay size particles into 

this sea. The environment of deposition in the sea was quiescent due 

to the depth of water, allowing the very fine size fraction to settle 

out. For the next 2600 years [12,800 years; the date of marine sub­

mergence minus 10,200 years; the age of freshwater clams discovered in 

the Bear Brook locality (Gadd, 1975)] ; deep water marine conditions con­

tinued and enabled the deposition of a thick (3 to 30 metres) stratum 

of marine clay. During this interval, as the ice slowly retreated, 

the land rebounded isostatically relieved of the great weight of the 

ice. Sediments that were deposited near the sea shore during the 

quiescent deep water conditions were transported by streams towards 

the center of the basin. Thus a higher energy, deltaic type of environ­

ment gradually replaced the deep water environment of deposition. 

The deltaic sediments consisted of sand size particles being 

deposited as topset beds and silt and clay size particles being 
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deposited primarily as bottom set beds of a prograding delta. In this 

case, it is difficult to separately distinguish foreset beds since the 

slope angles are very small and the material being deposited is quite 

fine. 

As the depth of the water further shallowed, a higher level 

energy environment occurred resulting in the cyclic deposition of layers 

of slightly more coarser clayey silt and fine sand. This environment 

of deposition is termed "shoaling prograding delta" by Fransham and 

Gadd (1977). 

As the land continued to rise in elevation, the ancestral 

Ottawa River had increasing influence on the deposition and erosion of 

sediments. At about this time, large bodies of water such as the Great 

Lakes were draining into the ancestral Ottawa River which was then 5.6 km 

wide at a point just northwest of Ottawa, compared with 1.6 km today 

(Fransham, 1978). As this wide river was discharging into the regressing 

sea, a major deltaic and braided river channel stratum of uniform fine 

sand was deposited over the marine clay throughout most of the valley. 

This stratum is about 2-4 metres in thickness (Fransham and Gadd, 1977). 

Approximately 10,000 years BP is generally accepted as marking 

the end of the marine era throughout most of the valley (Gadd, 1975). 

At this time the river gradient increased and freshwater fluvial drainage 

conditions predominated. Several principal river channels were cut along 

fault controlled lines at locations illustrated in Figure 4.1.2. The 

fault system provided zones of weakness along which glacial erosion 

scoured out depressions, only partly filled them with glacial debris 
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and allowed for the localized deposition of thick deposits of marine 

clay. Gadd (1976) postulates that the surface of the marine clay re­

tained the shape of the fault controlled depressions and concludes 

that the fault system was the fundamental factor determining the pattern 

of postmarine surface drainage patterns. Thus, streams and rivers were 

able to easily incise channels as deep as 30 m (Gadd, 1976) because of 

the accumulation of fine, soft, deltaic sand and marine clay sediments 

in these depressions. This regional channelling left "islands" of fine 

deltaic sand overlying saturated sensitive clay. Because of the high 

susceptibility of this material to flowslides, the new fluvial channels 

widened very rapidly. 

Smaller and younger tributary streams, which now define modern 

river courses such as the South Nation River, cut narrower channels 

since they had a smaller initial gradient and relatively coarse material 

in their bed. A narrow channel is a limiting factor controlling the 

size of flowslideSj since flowslides are restricted to the capacity of 

the valley into which they flow. In contrast, the very wide, presently 

abandoned, river channels permitted the occurrence of very large flow-

slides, as evidenced by numerous landslide scars that have been mapped 

along these abandoned river channels (Gadd, 1976; Fransham et al, 1976). 

Gadd (1976) estimates that out of total of approximately 11,160 acres 

of landslide terrain in the Thurso-Russel map area, 11,160 acres (96%) 

are associated with the fault-controlled abandoned river channel system, 

whereas only about 480 acres (4%) are associated with modern streams. 

According to Gadd (1962,1976), as the ancestral Ottawa River 

continued to meander, some of these channels were subsequently filled 
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with clay that had been eroded upstream and redeposited under fresh­

water conditions, thus yielding what could be termed as another facies 

of Leda clay. However, as will be pointed out later, the actual 

occurrence of this freshwater redeposited material is quite rare and 

it merits no special discussion here. It will however}be briefly dis­

cussed in the next section. Finally, as the discharge of the Ottawa 

River decreased, these channels were abandoned in favour of the present 

day location of the river. 

4.2 Individual Description of Each Facies of Leda Clay 

Figure 4.2.1 is a stratigraphic column illustrating the 

sequence of sediment deposition in the Ottawa valley region. Of parti­

cular interest to this thesis is the group of deposits commonly identi­

fied as "Leda Clay" which consists of the deep water marine clay facies, 

the prograding delta clay facies and the shoaling prograding delta clay 

and silt facies. The underlying varved clay is not labelled as Leda 

Clay in this thesis since it was deposited in a freshwater glacial lake 

environment prior to inundation by the sea. Furthermore, surficial 

deposits of this material are rare and it is not involved in landslides. 

The Leda clay deposits are discussed in more detail below. 

A brief description of the other deposits in the sedimentary suite is 

given on Figure 4.2.1 and is thought to be sufficient. For more details 

concerning these deposits the reader is referred to Gadd (1962, 1975, 

1976, 1977); Fransham and Gadd (1977); Fransham (1978) and Karrow (1961). 
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Thickness 

Range 

m 

Stratigraphic 

Unit 

BOG 

Fluvial-Deltaic 
Sand 

Shoaling Prograding 

Delta Clay and Silt 

Prograding Delta 

Clay 

Deep Water 

Marine Clay 

Varved clay 

Glacial till and some 
ice contact sand and 
gravel. 

Bedrock 

} 
} 

Description 

Peat, Muck, Organics 

Uniform fine sand, poorly 
drained. 

y , 
Commonly identified as 

Leda' clay. Discussed 

in detail in text. 

Freshwater glacial lake, banded 
deposit of thin (1.5 cm) dark grey 
clay and light grey silty clay 
layers. Surficial exposures of this 
material are rare. 

Till is in the range of sandy to 
silty with boulders. Sand and 
gravel are poorly sorted. 

Precambrian crystalline and 
gneissic rocks to the north. 
Folded Paleozoic meta-sedimentary 
rocks to the south, that are intruded by 
by younger volcanic rocks. 

Figure 4.2.1 Stratigraphic column (Modified after Fransham and 

Gadd, 1977) 
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The term "Leda Clay" is theoretically a misnomer. This name 

was first applied to the clay when the most common fossil was erroneously 

determined to be "Leda glacialis". The fossil has since been correctly 

identified as "Portlandia artica" as stated in Gadd (1975). LaRochelle 

et al (1970) suggest the use of the term "Champlain Sea Clay". However, 

Gadd (1975) recommends the retention of the term "Leda Clay" for the 

following two reasons: "Leda Clay" has become widely known particularly 

among engineers, and it has wider scope than the alternative "Champlain 

Sea Clay". 

Table 4.2.1 is a summary of the 'average' index properties 

for the varved clay and each of the Leda clay facies. These 'average' 

results are based upon limited data and do not reflect the variability 

associated with each facies. The reader should thus consider them as 

tentative until more data is available. 

The clays consist primarily of rock flour eroded from the 

underlying bedrock by glaciers. They are low in expansive clay mineral 

content with a predominance of illite, chlorite and other micaceous 

minerals. They have an open "card house" type of structure due to the 

flocculation of the clay particles by the electrolytic effect of salt 

water during deposition. The following is a more detailed description 

of each of the Leda clay facies: 

4.2.1 Deep water marine clay facies 

The transition from freshwater varved clay to deep water 

marine clay occurs rather abruptly over a length of about 1 metre of 

sediments and reflects the rapid submergence of the area by the 



Unit 
Thickness 

(m) 

Specific 
Gravity 

Bulk 
Density 

kg/m 

Natural 
Water 
Content 

% 

Liquid 
Limit 

% 

Plastic 
Limit 

% 

Clay 
Size 
% 

Silt 
Size 
% 

Sand 
Size 
% 

Varved 
clay 
facies 

2-8 2.79 1920 36 33 18 32 45 23 

Deep-water 
marine 
clay facies 

Prodelta 
facies 

3-30 

13-50 

2.79 

2.79 

1730 

1720 

50 

55 

47 

53 

24 

24 

62 37 

70 30 
oo 

Shoaling 
prograding 
delta-silty 
material 

<15 2.79 1760 14 82 

Shoaling 
prograding 
delta-clayey 
material 

<15 2.80 1830 48 44 25 50 50 

TABLE 4.2.1 Average Index Properties of Sensitive Marine Clay of the Champlain Sea. 
[After Fransham, P.B. and Gadd, N.R. (1977)]. 
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Champlain Sea. The deep water marine clay is dark grey and massive 

and is frequently mottled with black material believed to be dis­

seminated organic matter and sulphides. It is the most commonly 

occurring and therefore the best known facies of Leda clay. This 

facies frequently contains marine fossils. 

4.2.2 Prograding delta facies 

The transition from the deep water marine clay facies to 

the prograding delta clay facies is not abrupt and can range over 

several metres. It reflects the subtle change in energy levels from 

quiescent deep water conditions to slightly more turbulent and 

fluctuating conditions representing seasonal variations in current and 

material supply (Fransham and Gadd, 1977). The seasonal changes are 

displayed by a banded stratigraphy. The clay is either red and grey 

banded or light and dark grey banded. The red and dark grey layers 

contain more clay size material. Black organic mottling and silt seams 

occasionally occur. 

The origin of the red colour has not yet been adequately 

explained, although some theories concerning it do exist. Fransham 

(1978) advances the hypothesis that the red colour results from the 

predominance of red potash feldspar eroded from the pink gneissic Pre-

cambrian rocks north of the Ottawa valley. These feldspars, being quite 

susceptible to mechanical weathering, would form a large portion of the 

fine fraction of suspended sediment and settle out during the quiescent 

winter freeze up conditions and form the red bands. However, no mineralo-

gical evidence comparing the red and grey bands exists to reinforce this 
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hypothesis. In fact, little mineralogical work has been published on 

this particular facies of Leda clay. 

This facies is of particular interest since most of the 

extensive landslides in the area appear to involve this material 

(Fransham and Gadd, 1977). 

4.2.3 Shoaling prograding delta silt and clay facies 

According to Fransham and Gadd (1977) this is the last and 

uppermost of the Leda clay facies and reflects a higher energy level 

that existed when the marine environment was very shallow and was 

changing into a freshwater fluvial system. This is also a red and grey 

banded material and would appear at first to be quite similar to the pro-

grading delta facies. The main difference lies in the increased coarser 

size fraction in both red and grey bands. The grey layers vary from 

clayey to sandy silt. This facies may be further distinguished from 

the prograding delta facies by the presence of distorted beds caused by 

slumping, channelling and redeposition of material. 

According to Gadd (1967, 1976) one might believe that another 

distinctive facies occurs abundantly throughout the Ottawa Valley Region, 

specifically in the abandoned river channels of the ancestral Ottawa 

River. Gadd (1976) calls this material a freshwater fluvial silt and 

clay. It consists of eroded marine clay that has been redeposited in 

the abandoned river channels under freshwater conditions. He describes 

this material as a fine facies of river sediment characterized by 

laminated or at least colour banded silt and/or clay- The bands are 

composed of reddish brown silty clay and grey coarse silt that vary in 

thickness from 0.5 cm to 10-15 cm. 
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Fransham (personal communication) has pointed out that the 

occurence of a truly freshwater redeposited clay in the Ottawa Valley 

is in fact quite rare and would be limited to slack water fluvial 

deposition sites such as terraces, channel bars and spits in the 

abandoned river channels. Certainly, the occurrence of this material 

is not as abundant as Gadd (1962,1976) has indicated. Most abandoned 

river channels would have one or more of the-previously described facies 

of Leda clay as the dominant material. 

4.3 Fissuring 

Eden and Jarrett (1971), Crawford and Eden (1967) and Scott 

et al (1976) have indicated that both micro and macrofissures frequently 

occur in a stratified (red and grey or light grey and dark grey) clay 

with silt layers. This description matches that of the prograding and 

shoaling prograding delta clay and silt facies. Sangrey and Paul (1972) 

indicate that macrofissuring takes place at an average spacing of 15-20 

cm in a clay matching the description of the deep-water marine facies. 

Fissures do not necessarily occur in all exposures of these 

facies throughout the Ottawa River Valley region. Intact clay deposits 

are known to occur throughout the region not only below the fissured 

clay but also in surface exposures at high elevations. Thus, it would 

appear that fissuring is not the direct result of the characteristics 

of a particular clay facies or the geologic conditions at the time of 

deposition. Rather, it would appear that fissuring is the result of a 

special set of conditions occurring in only some regions, at some time 

after the deposition of the suite of sediments. 
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As explained in Chapter 3, the exact causes of fissuring are 

unknown. However, if fissuring is related to weathering or stress re­

lief due to removal of overburden or slope cutting, one might expect the 

overlying prograding delta clay facies to be more fissured than the 

underlying deep-water marine clay facies. 

4.4 Conclusion 

The Ottawa River Valley region has undergone a complex series 

of geological events. A wide variety of sediments have thus been 

deposited. Of particular interest to geotechnical engineers in the 

study of slope stability is the suite of sediments known as Leda clay. 

The geological origin and the basic geotechnical properties of the three 

facies of Leda clay have been discussed. The remaining chapters of this 

thesis describe in more detail the engineering behaviour of Leda clay 

with particular reference to slope stability. 
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CHAPTER 5 

SITE DESCRIPTIONS 

5.0 Introduction 

High quality samples are required to obtain accurate and 

reliable laboratory measurements of the shear strength of sensitive 

cemented Leda clays. As discussed in Chapter 3, thin walled tube 

samples strain the soil and cause a breakdown of "cementation bonds" 

in intact clays. This results in a dramatic reduction of both total 

and effective shear strength parameters. Eden (1971a) states that 

large, undisturbed block samples yield the most reliable results for 

sensitive clays. It was therefore decided to attempt to obtain high 

quality block samples for use in this thesis research. 

This chapter describes the location, recent geology and soil 

stratigraphy of five sites throughout the Ottawa Valley Region from 

which block samples were taken. 

5.1 General 

The following criteria were used in the initial selection of 

sites to be sampled: 

a) It was desired to obtain samples of widely varying shear 

strength in order to be able to draw conclusions concerning their un­

drained and drained shear strength behaviour that would be applicable 

to most Ottawa Valley region clays. 
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b) It was desired to obtain samples from each of the previously 

discussed facies of Leda clay in order to perform a detailed analysis 

of the engineering characteristics of each. 

c) As discussed in Chapter 3, Lo and Lee (1973) have proposed, 

on the basis of the results of a finite element program, that the geo­

logical process of slope formation would result in the development of 

a significant zone of 'overstress' in a slope, (i.e., a zone in which 

the peak strength has been exceeded and the only available strength 

would correspond to the post-peak or residual strength). If this 

analysis is correct, one would expect that samples obtained from this 

apparently overstressed zone would not exhibit a brittle type of be­

haviour with a characteristic peak strength, but rather only an elastic-

plastic stress-strain behaviour with the maximum shear strength attained 

corresponding to the residual value. 

It was desired to investigate the legitimacy of such a pro­

posal. Therefore, an attempt was made to obtain samples from long 

standing natural slopes in areas of known instability. 

Once these initial criteria were fulfilled, the following 

constraints also had to be satisfied prior to block sampling. 

a) The site had to be closely accessible by vehicle to permit 

easy unloading and loading of equipment and block samples. 

b) In order to investigate the stress-strain behaviour of the 

clay in a slope and determine the legitimacy of Lo and Lee's (1973) 

proposal that only residual strengths exist in the apparent overstressed 

zone, it was decided to take block samples near the bottom, or toe of 
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the slope. This area is theoretically the most overstressed zone and 

should not exhibit any peak strength according to Lo and Lee (1973a). 

To obtain good block samples, the clay in this area had to be undisturbed, 

not slide debris, undesiccated and free of extensive fissuring. 

c) The clay to be sampled had to be within a certain depth of the 

surface to enable exposure by hand excavation with shovels. 

Due to the rigorous selection criteria and constraints, it 

was quite difficult to find sites for sampling. After discussion with 

several engineers and geologists working in the region, and several 

investigative field trips, the five sites, numbered from east to west, 

illustrated on Figure 5.1 were sampled. A complete description of each 

site follows. 

5.2 Site No. 1, St. Bernadin 

St. Bernadin is a small village located approximately 70 km 

east of Ottawa. The site for sampling was at the location of a small 

landslide on Caledonia Creek that took place in the spring of 1976 be­

hind the church cemetry. The cause of the landslide is believed to have 

been erosion at the toe, steepening the slope beyond the critical 

height. 

Figure 5.2.1 is a simplified composite of a series of seventeen 

maps compiled by Fransham et al (1976). The figure is a good illustration 

of the surficial geology of the Ottawa River Valley region that was pre­

viously discussed in Chapter 4. By looking at the figure, one can see 

that the St. Bernadin site is located on the eastern edge of one of the 

'sand islands' described by Gadd (1976). The immediate area is covered 
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with a layer of fluvial deltaic, fine sand with gravel whose exact 

thickness at the site is unknown but is in the vicinity of 2 metres. 

This sand was eroded to the south and east by the ancestral Ottawa 

River as it meandered and cut channels through the existing sedimentary 

suite, as described earlier in Chapter 4. 

Underlying the sand, clay has been deposited in horizontal 

layers that according to visual and tactile examination consists of a 

repeating cycle of reddish-brown clay, a thin fine sand seam and then 

grey silty clay. In general, the red layers are about 3 cm thick, the 

sand seam about 0.1 to 0.5 cm, and the grey silty clay about 5 cm thick. 

The thickness of the individual layers varies frequently indicating a 

seasonal variation in current and volume of material available for de­

position. The cycle thickness increases from about 8 cm to about 23 cm 

at the depth at which the block samples were taken. It is hypothesized 

that the red clay would have been deposited in quiescent winter condi­

tions, the sand seam would be a fluvial deposit during the summer when 

the conditions would be more turbulent, and the grey silty clay would 

be a late autumn, early winter deposit when conditions became stagnant 

just prior to winter freeze-up. Occasional black mottling and disin­

tegrating organic roots were observed in the grey silty clay layer. 

Occasional fissures were noticed parallel to the slope above the level 

at which block samples were taken. Based on the above visual identifi­

cation information, the clay is classified as part of the prograding 

delta clay facies discussed in Chapter 4. 

The photographs on Plate 5.1 show the excavation and the 

exposed soil stratigraphy and the location from which the block samples 

were taken in the backscarp of the landslide at St. Bernadin. 
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Figure 5.2.2 shows a cross-section through the slope, the 

location and elevation of the block samples and the terrace. It also 

shows the shear strength and water content profile with depth. 

A summary table and discussion of the index properties for 

each site is presented in Chapter 7. 

5.3 Site No. 2, Bear Brook East 

Site No. 2 is located near the eastern end of Bear Brook 

close to Ettyville approximately 50 km east of Ottawa and about 4 km east-

southeast of the town of Bourget. Bear Brook flows to the east about 

3 km and then drains into the South Nation River, along which many large 

landslides have occurred. 

The site is located in a small bay of an abandoned river 

channel of the ancestral Ottawa River (see Figure 5.2.1). This channel 

is now occupied by Cobbs Lake Creek and part of the South Nation River. 

The overlying fluvial-deltaic sand has been eroded and Leda clay lies 

exposed at the surface. 

The Leda clay at the site consists of a repeating cycle of 

the following three materials: 

1) a reddish brown silty clay layer about 8-13 cm thick, 

2) a grey silty clay layer about 2-5 cm thick, 

3) a grey clayey silt layer with sand about 8-13 cm thick. 

The repeating cycle of layers at this site is different from 

that at St. Bernadin due to the presence of the thick layer of grey 

clayey silt. The trend of increasing grain size upwards in the annual 
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cycle (i.e., from red silty clay to grey clayey silt), indicates in­

creasing energy in the environment of deposition as the seasons pro­

gress. It is postulated that the reddish brown clay would have been 

deposited during quiescent winter conditions, then spring flood condi­

tions might create a short term deep water phase depositing the grey 

silty clay. As the water level would drop during the summer, there 

would be an increase in the energy level thereby depositing the coarser 

clayey silt with sand. The presence of this coarse silt layer indicates 

a different type of environment of deposition, one similar to that of a 

shallow water basin which is easily affected by seasonal variation in 

water level. 

The stratigraphy at the site is actually quite complex and 

there is evidence of past slumping or faulting. Figure 5.3.1 is a sketch 

of the stratification after exposure by hand excavation. A distinct 

fault or slump can be seen by the differential movement between the 

reddish clay layers. Slumping occurs quite frequently in deltaic deposits 

since the material is deposited under water in a low state of relative 

density and the post depositional environment is often turbulent. 

Photo No. 1 on Plate 5.2.1 is a close-up view of the bench 

excavated into the face of the slope at Bear Brook East just prior to 

taking block samples. Note the three distinct bands in each cycle. 

Photo No. 2 is a close-up of the back face of the excavation clearly 

showing the stratigraphy. Note the water percolating through the clayey 

silt layer. The photograph on Plate 5.2.2 shows an oblique view of 

block sample No. 1 illustrating the distortion of the layers. 
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PHOTO NO. 1. Bench prior to taking block samples. 

Reddish silty clay 

Grey clayey silt 

, Light erev siltv clay 

Reddish silty clay 

PHOTO :;0. 2. Close -ir of back face of the 

PLATE 5.2.1 Site No. 2, Bear Brook 2a.-; I. 

icn. 



PLATE 5.2.2 Oblique view of Block Sample Ho. 1, 
Site Mo. 2, Bear Brook East. Kote 
the distorted layers. 
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The photographs and sketch have shown the complex geology 

associated with this site which reflects the environment during and 

after deposition. Based on the visual and geologic evidence available, 

this site is classified as part of the shoaling prograding delta facies. 

Figure 5. 3.2 shows a cross-section through the slope, showing 

the location and elevation of the block samples, the water level in the 

brook and the clay terrace. It also shows the vane shear strength and 

water content profile with depth. 

5.4 Site No. 3, Green Creek North 

Site No. 3 is located on the north side of Highway No. 17 and 

about 300 metres east of Green Creek which is about 9 km east of down­

town Ottawa. This site lies in what has been classified by Richard, 

Gadd and Vincent (1978) to be an abandoned channel of the ancestral 

Ottawa River. They describe the material as being a post-Champlain Sea 

deposit of silt and silty clay that is generally underlain at variable 

depth by the deep water marine facies of Leda clay. 

It was decided to take samples from this site when the problem 

of excavation was solved due to the presence of a large power shovel 

provided by Beaver Construction Ontario Ltd.. 

Many landslides, both ancient and recent have taken place 

along Green Creek. In addition, a substantial amount of geotechnical 

investigations and analyses have been carried out by both the National 

Research Council and private consultants in the immediate area. This 

permits a comparison to be made between any results obtained from this 

research program with existing information. 
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An excavation was made by power shovel to a depth of about 

4.5 metres (see the photograph on Plate 5.3.1). The clay is brownish 

grey and fissured forming a stiff crust to a depth of about 3.5 metres. 

Below this depth the clay is unoxidized, dark grey, but still contains 

vertical fissures at a spacing of about 15 to 30 cm. 

An attempt was made to obtain block samples but the frequency 

of the fissures would not allow the cutting of block samples of specific 

dimensions and shape. The photograph on Plate 5.3.2 illustrates the 

extent of the fissuring in the excavation. Large pinnacles of clay 

would frequently collapse into the excavation. It was feared that the 

unsupported excavation would collapse and bury those trying to obtain 

the samples. 

It was noticed that the large pinnacles of clay were relatively 

intact. It was decided to take chunk samples cut from these clay masses. 

This was the only way of obtaining samples from this site. Five such 

chunk samples were taken and the average size was only slightly smaller 

than the usual 25 cm Cube blocks. 

Prior to the refilling of the excavation a closer observation 

of the soil stratigraphy was made. This indicated that parts of the 

upper 3.5 metres were red and grey banded and that the last metre from 

3.5 to 4.5 metres deep appeared to be generally grey and massive with 

the occasional indication of slight black mottling. Based on the visual 

and geologic information available, it would appear that from 0 to 3.5 

metres depth, the clay is of the prograding delta clay facies. Below 

3.5 metres, the clay appears to be of the deep water marine clay facies. 
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Depth Soil 
Description 

Ground Surface 

- 1 

- 1.0 

- 2.0 

.3.0 

Brownish 
grey, silty, 
very stiff, 
fissured 
clay crust. 

1 

Stiff,grey, 
. _ fissured, 

" 4*° silty clay. 

L4.5 ' 

PLATE 5*3*1 4.5 m deep excavation at Site Mo. 3, near Green Creek. 
White surveying rod is 12 feet (3.6 m) long. 

the oolour it 
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« « A TIT K t f Extensive fissuring caused pinnacles 
of clay to collapse into excavation. 
Site Mo. 3, Green Creek North. 
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Unfortunately, it was not possible to perform field vane shear 

or hand vane shear tests in the excavation due to the danger of collapse. 

Fortunately, a local consulting geotechnical engineering firm had made 

several boreholes in the area of Green Creek, two of which are within 

250 metres of the excavation. The field vane shear strength and water 

content profiles with depth of these two boreholes (No. B-3 and No. F-400, 

McRostie, Genest, Middlemiss & Associates Ltd., Report No. E2903) are 

quite similar and it is thought they adequately represent the shear 

strength at the site of the excavation. 

Figure 5.4.1 shows a section through the excavation and pre­

sents the field vane shear strength and water content profile from the 

above boreholes. 

5.5 Site No. 4, Templeton East 

Site No. 4 is located approximately 70 km northeast of Ottawa 

in the Municipality of Templeton East, Quebec. It is situated along a 

small stream that is a tributary to the Petite Riviere Blanche. This 

small stream has been the scene of frequent landslide activity in the 

last few years. The site is the most northern of all the sites con­

sidered in this thesis. Bedrock outcrops less than 1 km to the north 

and the ancestral Ottawa River escarpment lies less than 1 km to the 

south. 

Two facies of Leda clay are believed to have been exposed 

at this site. The uppermost facies is red and grey or light grey and 

dark grey banded closely fissured silty clay. This facies grades into a 

dark grey, silty, brittle, fossiliferous, sensitive clay. 
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The photograph on Plate 5.4.1 shows the excavation made at 

the site to obtain the block samples. The photograph on Plate 5.4.2 is a 

close-up of the exposed clay. Note the red banding in the clay above 

the bench and the single solid colour of the grey clay in the bench from 

which block samples were taken. 

The dark grey silty clay contains frequent small intact shells 

and is classified as the deep water marine facies of Leda clay. Over­

lying this is the prograding delta clay facies. Fissures were discovered 

at close spacing in the prodelta clay, however only one fissure was deter­

mined in the deep water marine clay. Although the exact cause of fissuring 

in Leda clay is not precisely known, it may be of significance to note 

that the prograding delta clay facies appears to be more susceptible to 

fissure development. At the Templeton East site, water was found to be 

seeping freely through the fissures thus indicating the prodelta clay at 

this site had a high secondary permeability. 

Figure 5.5.1 shows a section through the slope, the field vane 

shear strength and water content profiles with depth, and the elevation 

of block samples and the surrounding clay terrace. It is of interest to 

note the very high sensitivity that ranges from 20 to 132 for this clay 

as determined by the field vane test. In addition, the natural water 

content exceeds the liquid limit by 15%. Furthermore, the very brittle 

nature of the clay was observed by the fact that extensive radial 

cracking would occur upon insertion and rotation of the small hand vane 

into the bench while attempting to perform in-situ shear vane tests 

after the block samples were taken. 
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PLATE 5.4.1 Excavation at Site So. 4, Templeton East. 
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PLATE 5.4.2 Close up of the exposed clay at Site Ho. 4, 
Templeton East. 

Note the extensively fissured, red and 
grey banded prograding delta clay above 
the bench. Also note the massive, grey, 
deep water marine clay in the bench. 
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5.6 Site No. 5, Stewartville 

Site No. 5 is located approximately 70 km west of Ottawa near 

the town of Stewartville, Ontario. More precisely, it is situated on 

the south shore of the Madawaska River about 370 metres downstream from 

the Stewartville Generating Station. 

The regional geology near the site is quite complex. Pre-

cambrian igneous and metamorphic bedrock and Paleozoic sedimentary bed­

rock outcrops on the north shore. Thick deposits of predominantly sandy 

glacial till with boulders and fluvial sand and gravel cover the greater 

part of the land surface on the north and south shores of the river. 

Approximately 2 km downstream, there are extensive deposits of marine 

clay. 

At the site, a grey, very stiff, undesiccated silty clay with 

occasional sand seams becoming more silty with increasing depth, 

according to tactile examination, was encountered below a thick deposit 

of sand and gravel with small boulders. This clay lies at about the same 

elevation (100 m) as that existing downstream and it would be logical 

to believe that they are the same deposit. 

It is thought that this clay was deposited under marine con­

ditions when the Champlain Sea covered most of this area. The clay was 

deposited in local depressions in the bedrock of the Madawaska Valley. 

The glacial till that had been deposited over the highland bedrock was 

not submerged by the Champlain Sea. As the land continued to rebound 

and the sea regressed, conditions gradually changed from marine to 

fluvial-deltaic and eroded the glacial till and deposited it as a thick 

stratum of sand and gravel overlying the clay. This stratum is as 
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thick as 48 metres. Throughout the years, the Madawaska River has 

incised a channel through the sand and gravel and clay down to the 

bedrock, exposing the clay in the river banks as it exists today. 

Due to the presence of the occasional silty seam and the 

general lack of fossils and organic mottling in the clay sampled, it 

is thought that the clay reflects an environment of deposition attri­

buted to that of a prograding delta. 

Plate 5.5.1 shows the sand and gravel layer overlying the 

clay. Plate 5.5.2 shows a view of the excavation into the clay just 

prior to block sampling. Figure 5.6.1 shows a section through the slope 

illustrating the stratigraphy, location of block samples, river water 

level and the water content profile with depth. This clay was too stiff 

to permit the insertion of the field vane. The clay at this site is, 

in fact, so hard that the block samples would actually emit a ringing 

sound when rapped by the knuckles. 

5.7 Conclusion 

High quality samples were obtained from five sites within a 

radius of 70 km of Ottawa. These samples vary in strength from soft to 

very hard and represent each of the three facies of Leda clay. The 

samples were generally obtained by hand excavation into the face at the 

bottom of a natural slope. 

The location, local geology, site description and soil stratir 

graphy of each site have been discussed. Field vane shear strength and 

water content profiles with depth have been presented for all sites. 
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" 11A1JS 3 * 3 * X Sand and gravel layer with small 
boulders overlying clay at Site 
Ho. 5, Stewartville. 
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PLATE 5.5.2 Exposed clay in bench prior to block sampling at 
Site io. 5, Stewartville. 
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CHAPTER 6 

FIELD AND LABORATORY PROCEDURES 

6.0 Introduction 

Proper procedures are essential to ensure the accuracy, re­

liability and repeatability of test results. It is also essential for 

the reader to be familiar with the way in which tests were performed in 

order to assess their applicability to practical problems. This chapter 

describes the procedures followed in this thesis. The chapter is divided 

into two parts. Part A discusses the procedures followed in the field 

regarding block sampling and in-situ vane shear testing. Part B dis­

cusses the rationale and procedures for all the laboratory tests performed. 

PART A - Procedures Followed in the Field 

6.1 Site Investigation 

Once a location was selected as a possible site for block 

sampling, according to the criteria and constraints that were outlined 

in Chapter 5, a preliminary soil investigation was carried out. This 

involved hand augering a 7.6 cm diameter borehole to a depth of about 

3 m while performing in-situ field vane shear tests at 0.3 m intervals 

of depth. Soil samples were collected for identification, water content 

determination and Atterberg Limits at 0.15 m intervals of depth. 

A four bladed field vane with tapered ends, similar to that 

described in ASTM D2573-72, was used to measure the in-situ undrained 
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shear strength of the clay. This vane had a blade diameter of 6.7 cm, 

a straight length of 15 cm and the ends were tapered at 45 degree angles. 

The blade thickness was 3.3 mm. The vane was inserted manually into the 

borehole and the torque applied to cause failure was measured by tension 

pull scales attached at a specified radius (generally 30.5 cm) from the 

center of the rods. After failure, the vane was rotated ten complete 

revolutions and the remoulded shear strength was measured immediately. 

The soil samples collected were brought to the lab and water 

contents were immediately measured for each sample. Atterberg limts were 

performed on selected samples. 

Further in-situ vane shear tests were performed alongside the 

borehole or into the face of the slope at intervals of 10 or 15 cm using 

a small hand held vane shear tester. The hand vane does not have tapered 

ends, has a blade diameter of 1.9 cm, a height of 2.8 cm and a blade 

thickness of 1 mm. Because of the smaller blade dimensions and the 

smaller testing interval* the hand vane was helpful in the determination 

of whether there were strata of varying strength and to discover whether 

there were sand layers present that might prevent the possibility of 

obtaining high quality block samples. Sand layers are easily determined 

with a small vane since a substantial increase in resistance to penetra­

tion may be noticed when they are encountered. 

If the clay at the site was undisturbed, undesiccated, free of 

sand layers and displayed a reasonably uniform water content and undrained 

shear strength profile over the range of depth considered for block 

sampling, the site was considered satisfactory and an attempt was made 

to take block samples. Occasionally, it was necessary to reject some 
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sites, which appeared satisfactory after the preliminary soil investi­

gation, because of the presence of closely spaced (less than 10 cm) 

macrofissures which became visible only while excavating. 

6.2 Block Sampling 

There exists no standard or accepted recommended practice on 

how block samples should be taken. In fact the methods by which block 

samples are obtained are generally only briefly described in the litera­

ture. The reason for this is that the practice of block sampling is a 

simple one usually involving ordinary hand tools. Any procedure that 

results in the obtention of undisturbed blocks of good size could be 

considered acceptable. 

The procedure generally requires that an excavation be made 

into the desired deposit. A bench, from which the samples are to be 

taken, and a working space or trench, are cut by hand shovel to minimize 

disturbance. Obtaining a block of certain dimensions can then be a 

laborious task. LaRochelle and Lefebvre (1971) describe a procedure by 

which vertical slots were carefully cut around the blocks which were 

disengaged by many passes of a wire along the bottom of a 23 cm cube. 

It is presumed that these vertical slots would have been cut by a small 

spade or shovel. This procedure is time consuming and results in the 

wastage of a considerable part of the material in the bench, which 

necessitates additional excavation to obtain a specified number of 

blocks. What is required then is a procedure by which thin vertical 

slots could be quickly and easily cut around the blocks without disturbing 

it. 
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At four of the five sites, discussed in this thesis, block 

samples were obtained by the procedure described below. At Site No. 3, 

Green Creek North, 'chunk' samples were taken for the reasons described 

in Section 5.4. 

As was explained in Chapter 5, it was desired to obtain block 

samples from the bottom face of the slope to study the stress-strain 

behaviour of the clay and thereby determine whether peak or post-peak 

strengths were operative. This zone of a slope is considered that most 

stressed and should only exhibit post-peak strength, according to theory. 

Excavation into the face of the slope and to the depth at 

which block samples were to be taken was performed by hand shovel. A 

bench 30 cm high, 1.5m wide and 60 cm deep into the face of the slope 

was cut with a sharp flat edge shovel. A gas powered chain saw was used 

to cut three grooves about 25 cm long and about 1 cm wide on the sides 

and back of each block. A short length of high strength piano wire was 

then placed in the side and back grooves to a depth of 25 cm and then 

pulled through the block with a sawing motion until the bottom had been 

completely cut. A 20 cm by 20 cm cutting blade was then inserted beneath 

the block along the bottom cut, to permit the block to be slipped out of 

the bench. This was not as easy a task as it sounds, since significant 

adhesion remained between the block and the remoulded material in the 

grooves which resisted movement. The 25 cm cubed block, weighing generally 

about 30 kilograms, was then slid onto a small wooden board that had been 

previously covered with a layer of Saran wrap. All remoulded clay was 

then removed from the sides, and then the block was completely sealed in 

2 layers of Saran wrap and labelled. The block was then lifted up by the 
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underlying board and placed in a cardboard box which had a 5 cm thick 

foam cushion on the bottom to dampen vibrations during transportation 

to the laboratory. 

The chain saw was used in the block sampling procedure for all 

the sites at which block samples were taken. The clay at these sites 

varied from soft to very stiff. It is believed that this procedure is 

the most efficient and practical way to obtain good quality block samples. 

Disturbance to the block is at a minimum since the chain saw does not 

displace and consequently strain the soil, but rather cuts a groove and 

ejects the disturbed clay. Little vibration is imparted to the block 

since vibration is quickly damped by remoulded clay in the grooves. 

Photo No. 1 on Plate 6.1 illustrates the chain saw in action. 

Note the sharp corners easily and rapidly obtainable. Photo No. 2 shows 

the block sealed in Saran wrap, labelled and sitting on the wood board, 

about to be placed into the cardboard box with the green foam bottom. 

Upon arrival at the laboratory, the block was again sealed 

with another layer of Saran wrap, then covered with a double coat of 

aluminum foil. Cheese cloth was placed over this and then the entire 

block was covered with about a 0.5 cm thick layer of wax. The cheese 

cloth acts to reinforce the wax. A bottom layer of aluminum foil was 

then placed over the wax to prevent the wax from adhering to any surface 

upon which the block was placed. 

The samples were then stored, until required for testing, in 

a cool (12°C), humid (100% relative humidity) storage area. After the 

blocks had been opened to obtain samples for testing, they were resealed, 

surrounded by wet rags and paper, and then stored in a large refrigerator 

at 10°C. 
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