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SUMMARY

1. Strength of cohesive soils cannot be explained in terms
of clear cut perameters, as it depends on various factors which
are inter.dependent, Efforts hgve been made by differsnt research
workers to explore important individuel factors such as, soil type
end structure, time effect (creep snd relsxation), influence of
intermediate principsl stress, influence of anisotropy, dilstancy
effect, progressive failure process, influence of disturbdance in
sampling, scale effact of specimen,.etc. In clays adsorbed water -
1a}er pleys an important role, Their grain constituent, sheape
and structural arrangement give soils compressibility and
resilience, Because of low permeability they retain neutral
stresses for a long‘timé. The verious pessible effects of adsorbded
water, compreasibility, neutrsl stresses and low permeability

provide clayg with wt-most unlimited variations in shesr strength,

2, For the simplified assumption of plane strain, the
yield criteris (i.e., the relation existing between the stresses
at the limiting condition) combined with the two equstions of
motion renders the problem staticelly determinate. But the
difficulty is to determine the mathematical nature of the failure
eriterion that prevails for sofls. The two gpprosches viz,, the
tacit assumption of an yield criterion, and the feilure criteria
based on test results have their own limitétiona.

3. All studies of cohesive aoils shoared to failure present
empirical relationship between the vorious factors at failure

whose numerical values hold only for the soil or soils tested.



b, Of the various theoretical failure criteria put forward
the one suggested by Mohr-Colomb end that of Trescs (which is in
accord with that of Mohr) find favour in the field of mechanics
of cohesive soils. Though madbrity incline towards these criteris
’based on certain test resulta.fhe opinion offi this is still

divergent,

5. When shear strengths are determined by various techniques
those methods which entail the least smount of hendling of materiasl
tend to give the largest values of strength, In applying shear
strength deta to practical problems many detsils must be considered,

among them

. {a) the ahprOpriate rate of shearing strain,

(b) the possibility of progressive failure associated with
weakening which the soil experioences after subjection
to large detorﬁation. |

(c) The non-uniforﬁ distribution of sheagring stresses within

the soil mass,

6. The division of shesr strength of clays into cohesion and
frictional strength is en over simplification of doubtful utility,
It is bettdr to consider in every case, the totsl shesr strength
and to estsblish the principle of its variation for given
conditions, and then to apply it o in actual analysis,

P. To provide correspondence between the test data and the
field strength, the sample of the soil under consideration should
be as representative ss poasible of the soil in the field, In
sddition every effort should be made to preserve the degree and

distribution of the density, moisture content and consolidstion



characteristics of the soil. Moreover, the drainsge conditions
during the test should correspond to those anticipated in the
field,

7. Existing research on strength theories can be classified

into two types as below - | o
(1) Microscopic resesrches on the bechaviour of absorptive

film and structural skeleton of clay, and (2) Macroscopic
reseerches on the mechanical behaviour of clay mass in relation
to various externsl factors and strength. It has not yet been
possible to estsblish a substantiasl theory based on the micro-
scopic properties as the structural skeleton and structuresl degree
of the 8o0il is extremely complicated, Suéh reletions to-date are

only qualitstive,

8. Of the seversl methods and mechanism for laborstory
evaluation of- shear strength parsmeters the ultimate choice
depends on the availability of fecilities and the particular type
of ﬁnalyaia, which one prefers. The C and ) parameters obtained
from evalustion of test results are only demonstrated mechanical
properties peculisr to the test system and methods used for
enalysi s of results, The relationship between these mechsnical
properties end ectual microscopic properties is not essily defined,
since there does not exist common agreement as to what friction
end cohesion means in clay soils, Further, test systems developed
to-date, are themselves based on, and hence biased to some concept

of strangth parameters,




1 INTRODUCTION AND IMPORTANCE OF THE STUDY

1.1 Cohesive soils are essentisl ingredients in earth dems
and levees, because of their sbility to resist the passage of
water, These soils are also used extensively in the construction
of fills for highways. reil-roads and airports, Becsuse of the
high cost of transporting large volumes of soil over great
distances, earth construction virtually requires utilization of
materisls available close to the site of the stfucture. In meny
cases, cohesive soils sre used for fills even when imperviousness
is not s design criteria or requirement becsuse no other materials

are economicaslly available,

The mechanical properties of compacted cohesive soils
such as compreasibility and shesring strength must be given
renewed attention in view of project reguirements for embankmerits
of unprecedented height. Earthen dems of 500 ft. height are
under active consideration in our coauntry,while conei&;ably higher
dems are already being built abroad. The soils constituting the
water berriér zones of these structures will be subjected to
stresses well beyond those for which prototype performsnce data
are available. This emphasizes the need for better understsnding
of the factors involved in trasnsforming loose soil into structure

behaﬁiour and the mechanics of 80ils subjected to stresses.

Unlike any other materiqls, the strength of cohesive
soils cannot be defined or categorized in terms of sny one specific
property such as ultimate fracture or yield strength. The nature
of the particle interaction renders it difficult to estsblish a
definite strength quantity, except in terms of certain conditions
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and limitations, Clay water interaction cannot be easily described
in “cause and effect" terms since a clay soil is not ideally
plastic or elastic, it becomes difficult to apply conventional
- theories of mechanics to explsin and eveluate cohesive soil

strength,

In the mejority of troublesome stgbility problems the
soils involved are cohéaive materials., Therefore it may be stated
that the impértance of an understanding of the fundamentals of
{ shearing stfength will apply in greatest degree to cochesive soils.
. In fact no physical property of cohesive soils is more complex
than the shesring strength. This property depends on many
factors, and the individual factors are themselves complicated,
but in addition they are inter-releted to such a degreg that it

is oxtremely difficult to understand their combined action,

Considerable effort has been expended in studying the
strength of saturated clays in connection with the importsnt
problem of bearing capacity. ~Although much has yet to be lesrnt
about soft cley foundstions, significant advances have besn made
in this subject by mesns of devisies designed to determine the
in-situ strength directly. On the other hand the soil mechsanics
of unsaturated soils 1s still a subject of much conjupflcture,
misconception and controversy, It has been seriously questioned
a3 to whether the pore pressures i{s a reslity in strength
cheracteristics of unsaturated soil is concerned. The reglia-
bility of pore pressure messurement obtsined during laboratory
shear tests on unsaturated clays hes been doubted. The criteria
of feilure in leborstory sheasr tests of compacted cohesive soils
in which pore pressures sre measured has been the subject of

diverse opinion.
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1.2 The purpose of this dissertstion is to bring out the
phenomenon of shesring resistance in cohesive soils as it is
understood to date, to show how this varies with the influencing
factors and to trace the developments in defining the strength

"of cohesive soils,

It is a simple task to plece a clay specimen in a
shearing apparatus and cause a shear failure, A numericsl value
of shearing strength, which has acceptable precision may readily
be obteined if proper technique, a representative sample and
satisfactory apparatus are used, The point which has too often
been 1nsuff1c1§nt1y appreciated by testing engineers is that the
shearing strength, both 1nlthe laboratory specimen and the clay
- 4in nature i§ dependent on & number of varisbles, Before meaning
can be attached té shearing strengths determined in the laborastory
the engineer who is to interpret the test results must have at
‘his command an understanding of the factors or variables on which
the strength i1s dependent, and he must make adjustments for every
factor which occurs differeﬁtly in the teat than in nature., Of
course the test conditions should be chosen to reproduce natural
conditions as closely as possible, 4Howaver, exact reproduction

of 8ll natural conditions is not obtainable,.

Actually, test conditions and natural conditions afe
often too involved to permit complete comparison. Fundsmental
research on shearing phenomenon during the last two decsdes or
30 has led to a much improved understsnding of the various phases
of the subject, but to.day it must be admitted that certain
factors are still only partially understood. The problem of
~estimating from laboratory test data the shesr strength which

exists under natural conditions is one that probably will always



bo omong the most complox in 3oil Engincering snd its solution
will always be gsubjsct to many pitfalls, However it may now

b- claimed that most of the important phenomena affocting shear
strength are sufficiently well undorstood to allow the presen-

tation of a rational outline of such phenomena.

Understending of the basic factors affecting shesr
strength is the first pre-requisito to an ability to deal with

shear strength problem,

The other aspect of the study of strehgth of soils is
the feilure criteria which sre used to oxpress the’resulta of
gtrongth tests and which reflect the influence, if sny. Of the
intermediate principal stress and the behaviour of soils under
the high stresses implied by the greatly increased height of

"e@arth and rock fill dams now under construction.

N R TR Ee
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2 REVIEW OF LITERATURE (°)

The most important single contribution to the problem
of shearing strength of goils is found in an essay of Coulomb
published in 1773 and entitled "Egsai sur une application des
regles de meximis et minimis a quelques problems de stslique,
relstifs s L srchitecture” (22), In this essay Coulomb desls with
the earth prossure theory, snd introduces en equation to determine

the resistance of soil to_shear.

This equation, S = C + o~ tan § stetes that the total
shear rescistance of a soil can be considered a sum of (a) cohesive
resistence, s constant and (b) friction, a figure incressing
proportionslly to the normsal pressure acting on the considered
.plane. Ever gince its appesrancg, this lew of Coulomb has served
as the basis for any stability computation of soil massen or

acientific investigation of shesr strength problems.

In spite of the uncompliceted form of this equstion a
determination of soll coefficients introduced by Coulomb croates
a number of difficulties, especislly whore cohosive soils are
concernod. Much progress was not achieved in the field during
the 18th and 19th centurics for went of the undorstanding of the
physical proporties of soils and the phenomena which determines
the strength,

The quostion of ohoar strength was soon tsken up end
a direct choer apparatus was constructed after the appearaﬁce of
a.report in 1922 in Stockhom publishing the results of a thorough
inQestigatinn of a numbor of slides by the commission of tho

Swedish State reilveys ond the publication of "Erdbaumechsnik” 4n
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1925 by Torssghi giving the fundamentel basis for the now scionce
of Soil Engineering.

A number of publications appeared in which attempts were
'made to explein the phenomens and give rules for spplication of
shear tests in practice, However important factors such as pore

water presaures were often ignored,

Resl progress in the knowledge of fundamental ghear
strength properties was not made until systematic investigations
were carried out at Torzeghi's Soil Mechanics Laboratory in
Vienna in order to clear up some more important questions concer-
ning shear strength, IDuring the yoar 1934-37 quralev cerriod
out a large number of direct shear tests, and the results were
'subjected to statisticsl treatment. Hvorslev confirmed in
principle the law of Coulomb, but as cohesion wes found to be a
function of water content he extended Coulomb's equation

| 5T+ tan P
in vhich & s the normal effoctive stress on the failure plsne,
B 1s the "true angle of internal friction" and C is the true
cohegion which was found to depend on the water content, This |
-bdependence can be expressod by introduction of the oquivelent
/conaolidation pressure oy
SaKoy+ o ten§

The significance of the result of Hvorslev's investi-
gations in 1937 is very profound. The two main results, depen-
dency of the cohesion on water content alone, and recognition of
the angle of intornsl friction as a s0ll characteristic which
determinos the strength of even rather plaoctic clays, were most

importont steps in the advencemont of knowledge of the fundsmental
strongth properties of soils,
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In some loter papers Terzasghi celled attention to the
1mportance of the results sttained through Hvorslev's investi-

gations and suplemented them by pointing out failure conditions

end the effect of pore water pressures,

The systematic investigation of the fundamentsl strength
properties of cohesive soils started in Vignna by Hvorslév, was
continued by Rehdulic, who made the first attempt to messure the
pore water pressure get up by a trisxisl shesr test. Rendulic
pointed out the relation between the pore water pressure and
the deformation properties and utilising this relationship he
carried out'an experimental investigation of the volumé'change

of samples submitted to stresses in a triaxial apparat&s.

Simultaneouély with these European inveaﬁigations‘a
systematic shesr resesrch was started in U.S.A. In 1934 Jurgenson
made an importaﬁt contribution to the understanding of shgar
strength problems, In his paper one of the first trisxial shesr
tests cen be found and in g Qubsequent discussions of Jurgenson's
paper, A, Uasagrande made the first attempt to enslyse the
effective stresses acting in a specimen subjected to triaxisl
apoar at constant volume, These consid erations, which Cassgrande
later extdnded and published give an analysis of the undrained
gshoar test and demonstrate the effinity between the undrasined

shear strength and deformation'proporties.

The yosr just before the Second World War were charac-
terizod by improvement of the shear apparatus, The ring shear
machine was developed by Hvorslev, Tiedemenn, Grunner, Hoefell,

and the triaxial shoar apparstus was improved.
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In 1939, the Corpa of Engineors U.S. Army initiated .
a 80il mechanics Fact Finding Survey, ond one’of the problems
which was first subjected to investigation was the trisxipl
shear method of'teéting soils. In co-operation three institutions,
Herward University, Massachusetts Institute of Technology and u.s.
Waterways Experimental Station took up for trestment with admi-
rsble thoroughness, the construction of triaxial shesr nachine,
the technigque of tosting and methods of interpreting the shear
| test results, A great number of unpublished progress reports
dealt with the results of the resesrch work snd in 1944 & review
waé prepared by Rutledgo end publishod in a comprehensive report,
The first asccomplishment of the programme was an evalustion
based oh the results of triaxial tests of toatiﬁg technique and
the technical details 1n~£he testing machinegs. For cohesionless
soils & consistent and well-supported analysing method was
developed and proved by tests, For an interpretation of trisxisl
shear tests with clais, two hypotheses were investigated. The
first ono was the working hypothesis put forward by A. Casegrande
(16). The second 611@ which was described by Rutledge (=29 (¢8)
congiders the otrongth problems from quito a new point of view.
The tests carriod out 'in the research progremme indicate that
tho strength of saturated clay depends only on the water content
ot failure and is independent of either the minor principel stress
or the pore water pressure<g§’the method of tosting. Consequently
Rutledge proposed the usec of a disgrsm in vhich logarithm of the
compressive otress is plotted against'the water content, The
rosulting curve runs roughly parallel to the semilogerithmic
pressure water content curve (Fig. 2,1), plotted from s standsrd
consolidation test, Thus according to Rudledge the magnitude of

pore weter pressures need not be considered in practical
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epplication and in addition; the question of the angle of internal

friction is evaded,. Another important investigation included in

the research program is the measurement of pore water pressure,

The results of this co-operative triaxial shear research
programne contribute essentiglly to the progress of soil mechanics
and the detailed publications of test datas snd information on
', the construction of appsratus is of great assistance to other
s0il mechanics laborstories, However no final conclusions were
drawn and the problém'of the fundamental properties of clay was

not solved,

Rutledge expresses the opinion that it is doubtful if
saturated cohesive soils can be conasidered to have an angle of
internal friction, a point‘of view not éhared by Taylor who
ascribes the total strength of normally consolidsted clay to
friction.

In the 1st number of the periodical "Geotechnique"
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' Skempton (76) published sn outstanding paper which discussed the
, shear strength of different clays. In this paper Skempton uses

the definitions of cohesion gnd friction as given by Loulomb-
(Hvorslev and through an introduction of the co-efficient of
A !elasticity of compression and expsnsion he succeeds in obteining
an expression for the compressive strength found by undrained
triaxisl tests, That is to say he expresses quantitatively
through formulase and figures the quaagtative conaiderétions
advenced by A, Casagrande in the triéxial sheer review., In a
number of later papers Skempton has elaborsted this method of

anslyesis,

At the 2nd International Conference of Soil Mechanics
held in Rotterdam {63) in 1948 there was a great difference of
opinion regarding'ihe nature of shear strength of clays. Sqmef
resesrch workers interpreted the strength of clay as due merely
to cchesion, others asldua exclusively to friction, Finally the
water content strength diagram was opposed to the common Mohr's
diagram. In the proceedings of the Conference numerous papers
concerning strength and stability problems can be found. Of

, these the English contributions formulating and testing in

f practice the so-called "f =« O anslysis" deserve special notice.

In June 1950 a "shear strength conference" was arranged
in London and in a mumber of papers the methods of measuring the
‘shear strength as practised in the different European countries
‘were presented and compared, These papers and discussions sre

printed in Geotechnique (Dec, 1950, June 1951).

The principle of effective stress has made possible
. the application of rational principles to many soil engineering
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problems that could not be treated in an empiricsl manner. The
relationship between the behsviour of soil tested under undrained
condition in triaxisl test snd the strength characteristics
Vexpreased in terms of effective stress depends on the magnitude
of pore pressures set up in the test, To obtein a clear picture
of how pore pressures respond to the different combinations of
applied stress, the concept of pore pressure parameters intro-
duced by Skempton (77) (1954) is found to be convenient, This
concept serves not only to expléin the relationship between
different types of triaxial test; but also provide a basis for

estimating pore pressures to be encountered in practical problems.,

For soils with single fluid, either water or air the
equation ¢ ' - 0o - u s true to a high degree. However, in
partly saturated soils the pore spsce contains water and air, at
pressures which differ considerably due to surface tension. A4
tentative expression o & (0~ - u,) + X(u, - u ) in general
cese was put forwafd by Bishop (5) in 1954, where u, denotes the
preasurevin air in vspour phase and u, denotes pressure in pore
water. The work of Hilf (1956) (34) in particular drew attention
to the large difference between pore water snd pore air pressures
encountered in soils compacted on dry side of optimum water
content and led to the suggestion thst the effective cohesion
intercept measured in conventionsl drained, undrained tests on
such materisls might be largely accounted for by this diffarence.
Developments in the triaxial apparstus at Imperial College have
enabled the necessary experimentsl dats to be obtained,

In contribution respectively to the discussion at the
Conference on pore pressure and suction in soil and to the ASCE

shear research conference Colemann (1960) (21) and Lambe (1960)(L46)
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dorivcd the cquation of effective stress put forwasrd by Bishop
from congsidcrations of thermodynemics on the one hand gnd s
physical model on the othar, The relationship botween X ond Sr
the degroe of saturation obtained from tests by Donald (1961)
and tests by Blight (1961) (8) on compacted soils also show the
dependence of X on S, thfough simple common rolationship for all
soil types is not apperent st this stage. |

| The factors that influence soil etrangth viewed on
microscopic molecular and atomic scales referred to by the term
soil structure and application of such concepts to the solutions
of Engineering Problems was initiated by Lemd (1959) (45). |

Two Conferences on Shear Strength of Cohesive Soils
(1960) and ASTM Strength of Soils (1963) point up the gops in the
knowledge in the field, HNotable articles are "Failure hypotheses
for goils" by Newmerk (58) ond "A mechanistic picture of shear
strength in clay" by T.W. Lombe {47) among other erticles by the

pioneers in the ficeld of soil mecheonics.,

The progreos of work in the line bettreen 1960-66 is

summerized et the Sixth International Conforence on soil mochenics.

Laborstory techniques have continued to improve and
now dovolopments have boen reportod in the dosign of both triaxisl
end dircct ghoar apparetusces., Anglysis of testing such as the
offecta of non-uniformity end distribution of both offective
strooses ond pore prossuros and detsils of the influences derivod
from stroos history, otress patho and rate of otrain were modc by
various tochnigues of tosting, Dosign of apparstucos for testing
soils under high pressures, new dovicos for pore prossurc messure-

montos and methods for tosting undor uniotropic stotes of stross
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are probably the subjects that received more attention. Parti-
cularly important progress was made in the design and construc-
tion in Mexico and Germany of triaxisl equipment to handle very
1arge samples under pressure comparsble to those existing in
high esrth snd rock-fill dams gnd the developments in England of
s method to eliminate friction at the end caps restraining the

sample in triaxiasl tests,

Fundamental studies of the shear strength behaviour of
soils were continued. Some of them pursue a genersl theory which
would give the mechanism of the ultimate shear strength behaviour

for remoulded clays,

Other studies refer to methods of obtaining the
components of shear atrength of clays, elither based on Hforshev's
criteria or supported by new ideas. In addition, investigations
were made of frictional characteristics of soil minersls and of

shear strength of chemically purified ¢lay minerals,

The representativeness of laboratory undrained testing
of aampies of saturated clays wgs the subject of two important
papers published in 1963, one by Skempton and Sowa (81) in
Geotechnique and the other by Ladd and_Lamﬁe (42) in the proceed-
ings of the Ottawa Symposium on laborstory shesr testing of soils,
In them analysis were made of the'reliability of unconsolidated
undrained test results obtained from undisturbed samples in
relation to shear strength of soil in the ground arriving at
somewhat conflicting conclusions, as to the importance on the
obtained lasboratory strength, of soil di sturbance coming from
stress change produced by sampling., The effect of verying the
stress peth and especislly that produced by reaching failure
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under so-cslled anisotropic state of stress, with pasrticulgr
reference to plane strain occupied the attention of many investi-
gators, The study of this problem seems to have made a good

start.

Shear strength behaviour of soils under high confining |
pressure has been one of the favourite subjects of r;search. Great
progress was made on the atudy of long term strength of over-
consoiidated fissured clays particularly through the fourth
Rankine lecture which elucidated the'mechenism of the problem and

supported results with s large number of case records,

Very little was published, by contrast on the strength
characteristics of non-saturated soils, an important problem in
s0il mechanics practice, about which the present knowledge is
limited. The few papers published on the subject refer mainly to
the application of effective stress to such soils, but practically
no progress was made on representative testing in relation to

field so0il behaviour,

In the proceedings of the Sixth International Conference
on s0il mechanics and foundation engineering it was concluded
under the chairmanship of Prof. Rosenquist that reeéarch on
physico-chemical aspects of soil engineering has been of much
velue to give a mechanistic understanding of what is happenihg
when phase changes occur in the solids, gas, water system which

will help in understanding and solving practical problem,

A description of the different kinds of equipment
commonly used in soil engindering practice and research was given
by Sowers (1963) (82). The advantages and disadvantages of each

type of equipment were discussed whereas most are strain:



controlled apparatuses, sach is capable of straining a soil

sample whose shape is different in each type of test,

18



3 DEFINITIONS AND BASIC CORCEPTS

3.1 Cohesive Soiln

Cohosive soils are thooe which contain pufficient qualitios
of silt or clay to affoct significantly their ongineering proper-
ties, Such soils very in texture from pure clay end silts (grain
oize‘omaller theon 0,074 mm) to mixtures containing more thon 755
by weight of gend and gravel sizes, The fine grained compononts
of soil exhibit to various degreocs, the propoerty of plasticity

within certsin ranges of moisture content,

The highest water content that'a soil msy have without
flowing when‘jafred 1n a stenderd devico is callod the '1iquid
1limit', The lowest water content at which a soil csn be rollod
into threads of 1/8" ¢ without crumbling is ¢alled 'plastic
limit', The differepce between thooe two water contents is known
a5 'plasticity indox' which represents the range of water contont
vithin which tho soil 1s plastic, The liquid limit of o soil and
ito plssticity indox were used by Cagagrende (16) to difforentioto

botween pilts and clays ond botwoen typos of silto and clays.

An inportant cheracteriotic of cohooive coils 1o the fact
that compaction improvos their engineering propertics, Compaction
of cohooive soils has boen chown to follow the principlo stotod

by Proctor.

All otudies of cohesivo soils shoared to failure prosont
empirical rclationships botween various factors at foiluro whoso
numerical valuos hold only for the soil or soils testaod, It is

postulatod in general that the same quolitative rolationship hold
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for other cohesive so0ils. Frequently other materials will exhibit
some differences in their qualitative behaviour slso. No relation
holding for all soils have been developed on the basis of funda-
mental parameters such as minerclogical content and environmentsl
conditions, These basic properties are difficult to measure in
the laboratery but to some extth they are indicsted by simple
experiments such as Atterberg limit tests, Most general relstion-
ships have therefore been evaluated in terms of the liquid or
plastic limit or plasticity index, Skempton (80) introduced for
such purposes the cenéept of thel”activity“ of a soil which he
defined to be the ratio of the plessticity 1ﬁdex to the pecentage
by weight of soil particles of diameter smaller than 2 microns,
Thus the mineral type determined by plasticity index and the
amount of clay fraction preaent ar‘e both recognised and the
importance of the contribution of the finer clay minersl psrticles

. to the behaviour of a soil is emphasized.

3.2 RHEOTROPY

Many clay soils exhibit the property of rheotropy at water
contents above the liquid limit, and also to a lesser degree at
~water contents in the plestic range, This is the change to a more
fluid eonaistency on stirring or disturbance; when the disturbance
has ceased the system reverts to its less fluid or more rigid
condition. This 1s often called thixotropy, although the restricted
definition of thixotrépy is a reversible, isothermal sol-gel
transformation, A sol, by definition has no yleld value, while

a gel has rigidity, The‘change in clay-water system is generally
from a system with higher yield walue to one with s lower yield
velue, In the engineering sense, one méy consider a sol as »

colloidal dispersion, This restricts sols to liquid like
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behaviour, When hardening of the sol occurs, a gel is formed..
This requires a change of state from a liquid like substance to

8 semi-solid.

1

There sre several ways of measuring the rheotropy of clay
soils, It can be messured in certain types of shear spparatus,
for exsmple the vane shear, or at higher water contents with s

viscometer,

A loss in shesr strength of clay ebila on remoulding 1is
usually observed, If such s 30il is tested at incressing inter-
vals of time after'remoulding,‘an 1ncrea§e in strength with ﬁime
is generally measured, This is illustrated in Fig, 3.1, (page.24)

/H H-\-

k9 3.3

The entire undisturbed strength may not be regained, This
strength regain hes been called "thixotropic regain®™ but is more
properly termed age-hardening or rest hardening. ‘'Sensitivity' is

the ratio of undisturbed to remolded shear strength.

The property of rest hardening has been explained either
by chsenges in particle rearrangement and interparticle forces, or

by changes in adsorbed water. On stirring, the particles are
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resrranged and the bonds between the particles sre broken. Also
the structure of the adsorbed water is broken up, snd the clay
will flow. After rest, the particles rearrange themselves into
positions of minimum energy with maximum attraction between
particles. The adsorbed water slso regains its quasi-crystalline

form to give the system sufficient rigidity to have a2 yield value.

3.3 SOIL STRUCTURE

The factors that influence the behaviour of scils viewed
on microscopic, molecular and atomic acalge, aere referred to by
the term soil structure, This term includes considerations of
the minerologiéal composition and electrical properties of the
solid particlea,_as weéll as their shape and orientation with

| respect to each other and properties of soil water and its ionic

composition and their absorption complexes,

The concepts of soil structure sre concerned primarily with
very smell particles - about 2p in size or smsller. The two types
of forces between the particles are gravitational and surface
boundary forcas. Unless the surface area is large compared with
the volume, the combined effect of Bonding forces due to area and
character of surface will be smsll when compared with gravitational
effects, The nature of surface bonding forces is not understood
completely., Certain types of bonding forces sre recognized and
these will be discussed briefly,

Atoms bonding to atoms forming molecules (intramolecular
bonds) are called primary valence bonds. These bonds sre some-
times considered in terms of atoms sharing or exchanging their
outer g}gggggg shells, They are sufficiently strong so that they

are seldom bdroken in engineering work,
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Atoms in one molecules bonding to atoms in another
molecule are called secondary vaience bonds, These bonds are of
two types:

' 1, Vander Waal forces
2, Hydrogen bonds

Althonsh a molecule is electrically neutrsl the centre of
gravity of positive and negative charges may not coincide. An
slectric moment is thus developed, and the system is referred to
as being polar., For‘othple Ven der Wgals forces are generally
attributed to electrical or electromzgnetic attractions between
systems of molecules, The aﬁructurg of molecule may be polar and
attractive Van der Wasl's forces will develop depending upon
orientation of particlea.' Many types of orientations sre possible
with unsymmetricsl water molecules, These possibilities for
simple dipoles are illustrated in Fig. 3.2,

-4 T e + -+ -

Figgre—_ 3.2

Because all electrons oscillste, the centre of gravity of
the negative charges is constantly changing, resulting in the
formation of temporsry dipolea. The attractive Van der Waals
forces resulting from these fluctuating dipoles are referred to
as dispersion effects, When a molecule is placad in an electric
field, slight displacement of electron occur,cmusing nonepolar
molecules to be polarised. The forces resulting from such i{nduced

polarization are referred to as induction effects, The relative
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magnitude of the attractive forces resulting from these effects
~may be assessed from the following breskdown of energies in the
Van der Waals forces between water molecules,

Orientation - 77%

Dispersion - 19%

Induction - 4B

It is apparent that orientation of water molecules has a
dominating influence on the Van der Wsals attractive forces and
that the changes in such orientations will be reflected in impor-

tant changes in the observed microscopic behaviour,

When an atom of hydrogen is attracted by two other atoms,
the hydrogen atom cannot decide with which qf the other stom {t
wants to bond gnd shares its bond between them, the resultirg
" attractive force is referred to as a hydrogen bond. Hydrogen
bonds ere effective in orienting wster molecules as illustrated.

Undisturbed sirength

Strength

2
<

el

Remolded sirength Time, ¢

figure-3-1. Influence of Time of Set on Strength Increase of a Remolded
- Clay

The orientetion of water molecules resulting'from hydrogen
(or other) bonds into particular patterns hss been called water
structure, This structure plays a primary role in the behaviour

of 801l water systenm,

The attractive forces between electrostatic cherges (such
as might develop between two small ions or between two charged

plates) are referred to as Coulombic forces, Ions orient water
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molecules, gnd their radius of (strong) influence is referred to
ss the hydration radius, They can disrupt the structursl pattern
of the 801l water, thereby sltering the soil behaviour to a great
extent than can be attributed to the chenge in the force field

between 80il particles that they cause.

- The variation in attractive force between atoms, molecules
end ions is criticelly dependent on the distance r between them,
as evidenced by the following tabulation,

Actractive force nversely proportion o)
Ion to ion r?
Ion to dipole r3
Ion to non-polar molecule o
Dipole to non-polar molecule r’

| Particle specing is therefore one of the critical factors affecting
the engineering properties of c¢lay. For a given type of particle
orientation, the void retio (6r water content in ssturated soils)
adequstely reflects particle spacing, but it should be remembered
that different orientations csn exist at the ssme void ratio; thus
there can be no direct relation between vold ratio and particle

spacing unless the nature of the particle orientgtions is defined.

The attractive forces between the charged psrticles sre
dependent upon the nature of the medium that sepsrates them, A
vacuum is tgken as a standard, and the ratio of the attractive
force in s vacuum to that in a particular medium is called the
dielectric constant of the medium, Bulk water has sn unususlly
high dielectric constant whose value can vary with changes in
water structure, Thus changes in ionic concentration snd replace-

ment of water with other fluids have importsnt influence on bonding



forces between soil particles,

3.4 SOLID PARTICLES IN SOIL

Many investigations have shown that fine grained soils are
qampoaed predominantly of crystalline minersls and thatvthe
amorphous materials that may be pfeaent have little if any effect
on the soil behaviour, Although small in size soﬁa of the minerals
present in fine-grained soils have such low surfsce activities that
they do not contribute appreciable'plaaticity or cohesion. These

minerals are referred to as non—clay minerals., The crystalline

minerals whose surface activity is such that they develop cohesion

and plasticity are called clay minerals,

The most important clay minerological groupé are kaolin,

montmorillonite, 411ite grous which are discussed briefly.

Clay minerals are alumino silicates i.e., oxides'cf
aluminium and silicon with smaller smounts of metal ions aubsti-
tuted within the crystal. The aluminium oxygen snd silicon
oxygen combinations are the basic structursl units which are
bonded together in such s way that sheets of each one result., The
stacking of these sheets into layers, the bonding between layers,
and the substitution of other iong for aluminium and silicon
account for the different minerals, This substitution occurs for
ions of approximately ssme size, and is therefore called isomor-

phous substitution,

The silica unit consists of a silicon stom, Si, surrounded
by four oxygen atoms, 0, equidistant from the silicon, These

oxygen atoms are arranged at the corners of a tetra-hedron with

‘each of the three oxygens at the base of the tetrghedron shared by

two silicons of adjacent units, This sharing forms a sheet with
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the tetra-units packed in such a way that the sheet has hexsgonal
holes, Since the silicon is smaller than the oxygens, the sheet
can be visualized as two layers of oxygen atoms with silicon atoms
fitting in the holes between. This sheet has a thickness of 4.93 A
(A denotes Angstrom units) in clay‘minerala. The 0-0 distance

is 2,55 A, leaving s hole within the tetrshedron of 0.55A radius

" into which the silicon of 0.5A can fit without distortion, Silicon
has a positive vslence of @ and oxygen s negative valence of 2,
With egch silicon having one oxygen atom and aharing thres other
‘oxygents, this unit has a negetive charge of 1, When top oxygen
taekes on s hydrogen with a positive valence of 1 to become
hydroxyl, OH, the unit is neutral. Oxygen and hydroxyl have about

the same radius in clay minerals.

The alumina unit is an aluminium stom, Al, equidistant
from six oxygens or hydrdxyl in octshedral co-ordingtion. Each
. oxygen is shared by two aluminium ions, forming sheets of two
layers of oxygen (or hydroxyl) in close packing, but only two
thirds of the possible octshedral centres are occupied by aluminium,
This sheet is 5.05A thick in clay minerasls., When all oxygens
are hydroxyls, this is called gibbsite, with a chemicsl formula
Ala(OH)6. If Megnesium, Mg is present in place of aluminium, all
the octshedral positions are filled aﬁd the minersl is called
brucite with the formuls Mg3(0H)6. The radius of aluminium is
0.55A and of magnesium 0.65A , The 0-0 distance in octahedrel
co-ordination is 2,60A and OH~OH is 2,94 A, leaving an octahedral
space of 0,614 radius, Clay minerals in which two thirds of
octahedral positions sre filled sre celled dioctahedrsl, when asll
the positipns are filled they sre termed trioctahedral, ‘
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Slocking At A!

Figure - 3-4. Schematic Representation of Silica Tetrahedron and Alumina
Oclahedron

Keolinite: It is the most common minersl of keolin group.
Its basic structural unit is an octehedral sheet (with aluminium
as the enclosed stom) uitﬁ a parallel superimposed silics sheet
inter-grown in such a way that the tips of the silices sheet and
'one of the layers of octshedrsl sheet form s common layer. This
unit can be represented by the symbol - (Fig 3.5)

Al Al Elemenlary N
layerof kaalinite

Si Si
M Kaoun.“e ‘ayer.'s. |

Al AL H\ja(ned!o form -

si St Koolinita partiele

Al Al

St Si

Figure -3-5 Schematic Representation of Typical Kaolinite Structure -



™
| 29

Since hydrogen bonds are comparatively strong, the ksolinite
crystal consists of many sheet stackings (often 100 or more) that
are difficult to dissociate. The mineral is therefore stable and
water cannot enter between the sheets to expand or shrink the

unit cell,

Kaoclinites are found in soils thst have undergone consider-
able weathering in warm, moist climstes. They have a low liquid

1imit and a low activity.

Halloysite is similer to keolinite, being composed of the
same basic 7A thick structursl units, but the successive units are
more randomly packed and may be Separated.by a single moleculer
layer of water, if the monomolecular layer of water is removed
(by drying), the mineral exhibits different propertiee; hence thé
properties of fine grained soils coﬁbaining hallbyaite will be
radically altered if the soil is first dried sufficiently to remove
thg morniomolecul ar water layer, since the process is not reversible,
A further structural festure of halloysite is that the particles
appesr to take the form of elongsted units (tubes or rods) as
opposed to the platey shgpe of kaolinite,

Montmorillonite 4is the most common minersl of the monmori-
llonite group, Its basic structural unit is an octghedral sheet
sandwiched between two silica sheets as represented by the symbol.

The thickness of unit is about 10A, and es in the case of kaolinite
the dimensions in the other two directions are fndefinite. Iaoﬁor~
phous subatitution occurs mainly in the alumins sheet, with
magnesium or iron substituting for aluminium in the dioctahedral
minerals. The different montmorillonico minofela have different

substitutions, Water enters easily between layers,
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The montmorillonite clays have » high activity and high

1liquid limit. The most obvious cherascteriatic is the swelling of
clay to several times its dry volume when placed in contact with
water, This swelling is due to water absorbed between layers

pushing the layers gpart,

Montmorillonites occur in sediments of aémiﬁarid'regiona
| and sre the main minersls in bentonite rock. They are formed
when voleasnic ash westhers in marine water or under conditions of

restricted draingge.

‘Illite: 1Illite is the most common minoral of 1llite group.
The basic structurgk is similar to thet of montmorillonite, except
that there is alwayala substantial replacemerit of silicon by |
Aluminium atoms in the silics sheet, resulting in a residual
negative charge somewhat lerger than that of montmorillonite unit.
However, a substantial fraction of this negative charge is balagnced
by ncn-exchangeable potassium ions, which provide the primary link
between the illite units that form the illite cr&stal, thuss
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Figure_ 3.7

" The bonds with the non-exchangeable K* ions are wesker
than the hydrogen bonds that link the units 6f the kaolinite
crystals, but théy are much stronger than the exchangeable ionic
bonds that form the monmorillonite crystal, This is due, in part,
to the fact that the non-exchangeable K* fons just fit in between
the silics sheet surfaces and tharefore sre much closer to the
atoms in the sheet than the exchangeable ions, Accordingly, the
1111te structure does not swell becsuse of the movement of wster

between the sheets as is the case for montmorillonite.

3.5 ELECTRIC CHARGE .

Substitution of one ion for another in the clgy crystal
lattice and i{mperfections at the‘surface, especially at the edges,
lead to negative electric charges on clay particles, Cations from
the pore water are attracted to the psrticles to maintain electro-
neutrality, These are the exchangesble cations and their inmbor
18 the cabion oxchange capacity or the smount of negative chargc

per unit weight or par unit surface area of clay.

Charge arising in the clay particle from isomorphous sub-

stitution of an ion by another of nesrly equal size but lower



.ence has been discussed slready. This occurs during crystel-
ation or formation of the mineral, If the substituting ion has
ower positive velence than the substituted ion, then the lattice
left with & net negative charge. The main substitution formed

- aluminium for silicon :m the silics sheet, and ions such as
nesium, iron or lithium substituting for aluminium in the

mina shest.

A second source of electric chargé on ¢lay particles is
atisfied valence charges at the edges of particléa. These are
erred to as broken bond charges. The clay crystal lattice is |
tinuous in two directicns, but at the edges there must be broken
ds between oxygen snd silicon and between oxygen snd aluminium,

amount of this charge per unit weight of c¢lay incresses with
ecrease in particle size, becsuse the proportion of edge area
total ares is increasse ché?ge due to'broken bonds would also

se if pleces were hroken cut of the flat surfaces.

\ .
These breﬁba bonds attract hydrogen or hydroxyl ions frop

pore water. The hydrogen cen be exchanged for other cstions,
term.h}drogen ion is used, although ﬁ*{aa such does not exist
solution, It is usually referred to as hydronium ion, Hj H,0
536*. The ease with which the hydrogen can be exchanged

reases as the pH of the pore water increases i.e. as the

rogen ion concentfation of the pore water decreases., Therefore

charge due to broken bonds increases as pH incresses.

The kind and number of exchsngeadle cations have an
srtant influence on the behaviour of soils. Monovalent cations

1 a8 sodium 1hcraace the activity of clay, its swelling stc,
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3,6 WATER ADSORPTION AT CLAY SURFACES

Clay particles are slways hydrated i.e., surrounded by
layers of water molecules called adsorbed water. Thess wster
molecules should be considered part of the c¢lsy surfpsces whan the
behaviour of clsy soils is considered, The properties of clays
change as the thickness of this hydration shell changes and
coﬁﬁequently the engineering charascteristics of soilschange.

The forces holding water molecules to the clay surface
arise both from the water and from the clay, Water is a dipolasr
molecule, with & separstion of centres of positive and negative
chérgoa. This means thst water will be attbactcd by the charges
on the clay surface, Further the hydrogen ions of water will lead
to hydrégén bonding of water molecules to the sxposed oxygen atoms
of the ¢lay minersl surface, Hence the clay contributes both the
negotive charge and the oxygen or hydroxyl surfsce to attract
watér molecules. Cations in water are always hydrated, There-
fore the uxchéngcable cations held nesr the negatively charged
surface hold some of the water at surface as water of hydration
of ions, Since cations are hydrated to different degrees, the
hydration of the surface would vary depending upon the cation

present,

The main force bonding water to the surface is due to the
hydrogen bond, The first lgyer of water molecules is held to the
1st again by hydrogen bonding, but the force become wesker with
distance as the orienting 1nf1u§nco of the surface of the water
molecules decreases, Each of the successive layer is held less

strongly, and the bonding quickly reduces to that of free water,

The properties of this water close to the clay surface
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differ from those of free water, The density of adsorbed wster
is higher than that of free water. Values Vp to 1,4 g/c.c. have
been messured for the 1st layer of water molecules, The density
decreases as further layers are added, dropping to 0.97 g/c.¢, ot
about four water layers and then increases to 1,0 g/c.c. for free
water. The viscosity of this water, as measured by the diffusion
of ions near the surface, is greater than that of free water. In
the 1st water layers it may be a hundred times greater. The
dielectric constant nesr the surface is about one tenth that of

free water.

Water adsorbed on the clay mineral surfacé can best be
visuslized s» composed of water molecules which gre relatively free
to move in the two directions parallel to the clay surface but are
restricted in their movement perpendicular to, or away from the
surface, Movement parallel to the surface is a transfer from one
bonded position to another. The thermodynamic properties of this
water gre not the same as those of ice where movement of water

molecule is restricted in all the three directions,

There is lack of agreement as to the thickness of the
hydration layer., The forces holding water become graduslly weékﬁr
farther from the surfsce., So there is no sherp division between
water of hydration and free water. It is agreed that the 1st two
of three layers of water molecules sre bonded to the surface and
thet properties of adsorbed water differ frqm those of free water
| to distance of 15A from the surfsce.

3.7 EXCHANGEABLE CATIONS

These are positively charged ions from salts in the pore
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water which are attracted to the surface of ¢lay particles to
balance the negative charge, They are termed.exchangeable because
one cation éan be readily replaced by another of equel valence, or
by two of one-half the valence of original one, The process is
called cation exchange or béae exchange, The ability of a clay to
absord ions on its surfsce or edges is called its base exchange
capacity which 4s s function of the mineral structure of clay and

the size of the particles,

The exchanéeable cations are not all held in s layer fight
st the clay surface, but are present at some average distance from
the ;urrace. The electrical foréo between negatively charged
surface end positively charged 1bna pttracts the cations to the
surface, but their thermsl energy_mékas them diffuse eway from
this space with a high ifon concentration. The balance of coulomb
electricel attraction and thermel diffusion leads to a diffuse
layer of cations with the concentrations highest at the surface
and gradually decressing with distance from the surface. This is
often called the diffuse double layer, one layer being the negative
charges in the clay cry5t31 or st its surface and the other being
the diffuse fon-layers of esdjacent particles gives an explanation
fof the properties of swelling, plasticity and water retention of
clays., ' -

The main assumptions in the derivation of the theoretical
di{stribution in a diffﬁaq layer are that the clay psarticle can be
considered a simple charged plate for which the electric field is
described by Polssons equation, and thatthe distribution of ions
in this field is described by the Boltsman equation,
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The theoretical distribution of ions at a negatively
charged surface was worked out by Gouy (28) and later by
Chapman (20),

The resulting equation for cstion is:-

% 8mr 02 22 CN
L4 M
n o(coth 3 %7

=
]

P
ng(coth 0,16 8 T x)

where
n_ = No. of cations per unit volume at any distence
x from the surface

No. of cations/unit volume in the pore water
away from the influence of the surfsce.

%

2 « Valence of cations

Co = Concentration of cations in moles/litre sway
~ from the influence of the surface.

X = distance from the surfsce in Angstrom,
The fon distribution for interacting clay particles rather

than that eround a single particle ias of interest in interpreting

the soil behaviour, The solution of Langmuir for such cases is

T = 2 log u
c e
0.32 2/C x
where
Yc = electric potentisl in the line midway between
perallel interacting particles
n
Since Yc » log‘ -;f-

2
=N

n ( 1 )
€ % 0.32 z{C'; x
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where n, = No. of ions per unit volume at the mid plsne
between particles,

Schematic diagram of clay water with sdsorbed water layer
and some cations at the surface and the remainder of the exchan-

geable cations, (Fig 3.3)
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Figure - 3-8. Schematic Diagram of Clay Particle with Adsorbejf Y aier
Layer and Some Cations ot the Sutface, ond the Remainder of the Ertﬁangeqﬁ(g
Cations in the Diffuse lon- Layer ‘
These calculations of electric potentisl and resulting fon distri-
bution are not quantitatively applicable to most clay soils. An
improvement is made by applying stern correction, by which some
of the ions are held in 2 lsyer near the surface and the remainder

are in the diffuse layer,

Interaction of clav particles: Cley particles interact

through the layers of adsorbed water, through the diffuse layers
of exchangeable cations and in some cases through direct particle

contact,

Repulsion results from inter-penetration of diffuse ion-
layers of adjacent particles, and from adsorption of water on
surfaces of adjacent particles, When two clay particles are less

than 15A apart, the exchsngeable ions are uniformly distributed



38

in the inter-particle space and do not separate into two diffuée
layers, one associated with each surface. Under these conditions
there is a net attraction between particles, However, when the
inter-perticle distance exceeds about 15A, diffuse ion lpyera

form, with a resulting net repulsion, This repulsion cén égain

be visuslized as being due to weter attracted between the particles
forcing them spart., In this case the water moves due to osmotic
activity of the ions between particles rather than due to proper-

ties of surface.

Several different forces must be conaidere&”in.describing
attraction between clay particles, First there is attraction
between molecules and atoms described by London-Van der Waals

theory.

At inter-particle distances less than 15A there is a net
force of attraction between clay particleh when their exchangesble

cations are in the inter-particle space,

Under certein conditions electrical forces inversely
proportional to the square of the distence acts between particles

of clay.

Cementation bonds may be due to inorgsnic bonding materisls
such as carbonstes or oxides precipitated between parﬁicles. In
natural soils these may be quite common. Bonding from orgsnic
matter can srise between the negative charge on a clay particle
surface and the positive charge on the orgsnic matter. In
partislly saturasted soils, surface tension forces arising from the

curved air water interface csn hold perticles together.
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3.8 SEDIMENTATION PROCESS AND RESULTING STRUCTURE

Clay particles of colloidasl size are subject to chance
impacts by water molecules, which cause the clay platelets to
move randomly in the suspension (Brownisn movement), Such rsndom
movements, together with grosser fluctuations due to water
currents, will from time to time bring clsy particles together,

‘to distances within the range of inter.particle forces,

If the net force is repulﬁive, the particles will be kept
separéte and future random movements will separate them even more.
The process which tskes place under these conditions during sedi-
mentation is known as disperaion'and the soil so produced is

‘called dispersed soil,

If o smell quantity of electrolyte is added, the chance
approach of partifles in suspension may bring them together, so
" the attractive forces tend to bring thém still closer. 'In this
case the force of attraction incresses as the distance diminishes,
so that the end result of the chance encounter will be co-agulation

of two particles.

Rosenquist (1959) (66) has reviewed the development of
particle orientation concepts, The different types of structures
are: | |

(a) Random
{(b) Oriented
(¢) Flocculated

Natural clay sediments will have more or less flocculated

particle orientation depending upon whether they were deposited in
a fresh water environment. Marine clays generally have a mors‘open
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structure than fresh water clays. Acﬁually the perticles are
arranged in more random three dimensionsl orientetions. Photo-
micrographs obtasined with an electron microscope have demonstrated
visually that psrtiélea in Norwegisn Mprine clays do actually have
the orientations visuslized by Tan (1957) (£3) and that the
schematic diagrams proposed by Lambe (1953) (43) are a general

valid genersl concept of psrticle arrangement,

50
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Coneolidation tends to orient particles into the disparaéd
arrangemont; in the case of one dimenaional consolidation, all
the particles would eventually orient themselves into aubetantially
parallel planes (Hvorslev, 1938 (35); Lambe, 1958 (44)). Remoulding
results in clusteras of peraliel-oriented particles arranged at |
random which is similar to the srrasngement suggested by Michaels
for disturbed dry clay.

Shear strains also tend to arrenge perticles in the dis-
persed type of orientation (Seed snd Chan 1959)(73). These concepts
of particle orientstions will be of considerable utility for
later explanations of the phenomenon involved in strength charac-

teristics of cleay.

When a clay is compacted gt water contents somewhat lower
than the optimum water content, a randomly oriented structure is
obteined, Increasing the molding water will reduce the randomness
in particle arrangement. If one compacts at water contents sbove
optimu@ the compacted.clay soils would have a partial oriented
structure., The greater the molding water content the moré oriented
the structure would be, The arrangement of particles as influenced

Cown Ou,cx,ww
- by molding water content snﬂ'waeu;fconzinz is shown in Fig, 3.11.

High Compactive efforl
4

Low Compactive effort

_ Compacled Density

A Molding Wafer Confent .
Figure -3-11. Arrangemeni. of Porticles as Influenced by.: Compacl:on ond
Molding Water Content (from Lambe, 1960) ’
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There is goneral agreement among all the investigators
on soil structure relative to the basic soil structural models.
The exact terminology and definition of the types and ngture of
the bonds involved may differ between individuals, but in essence
the models remain the same. Notsble among these is Rosenquists
(66) concept of clay water structure. He is in close agreement
with Lambe (44), Mitchell (54) and Michaels (52) as to the arrange-
ment of ¢lay particles., However, the nature of forces between
clay particles proposed by Rosenquist differs to some degree. The
explenation suggested by Rosenquist for adhesion between clay
particles is based upon the difference in surface energy of the
adgorbed water end the liquid pore waﬁer. Thus the establishment
of inter‘facial tension between the two types of water gould be

the cause for the cohesion observed in saturated clays.

‘The concepts of Trollope and Chen (88) are similar to those
df Lembe, Their proposal of a card héuae structur§ is based upon
the establishment of equilibrium between adjacent ﬁarticles shown
schematicsally in Fig. 3.12, |

Repulsion

\A{{racﬁ on

(@) Wy el
Figure-3-12. (a) Equilibrium Arrangement of Clay Parlicles in Idealized
Model; (b) Formation of Link Bond Due to Edge-Surface Proximity (Trollope
and Chan, 1959) )



3.9 PORE WATER PRESSURE
Components - Fully Sgqturgted Soil

The calculation of total and component water potentials

has been discussed by Bolt and Miller (14). The total pore water
pressure U may be broken down into individusl components as

follows:

{a) Up = Pore water pressure resulting from reaction to
spplied externsl pressure

(b) U, = Pore water preaéurc arising from forces originating
from the dissolved solutes in the liquid phase
i,0. excluding osmotic pressure arising from the

concentration of exchangeable ions

{c) U, = Pore water pressure srising due to the position of
h

801l mass in the gravitationel field

(d) U, = Pressure in the pore water srising from forces
originating in the purticles. This includes
adsorptive forces holding'the ist few layers of
water, Surface tension forces holding water in
coarse grained soils and osmotic forces from

exchangeable ¢ations in swelling fine grained soils,

(e) Up « The hydrostetic pore water pressure which could result
from flow in the water under external heed in water

itself,

In many instances, it is not possible to differentiste
between all these component pore water pressures nor to evaluate
the separate components

U-Uptunouh%Ua-o-Uf
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The component U, is dependent upon structure, exchangeable
ions and orientation of psrticles in the soil mass. The components
Un and U. may be incorporated into a component pore pressure term

called Ucf which is resulting from total soil structure,

In high swelling soils, the component U., is related to
swelling pressure of the test sample and Uct 1s thus s negstive
quantity. The smount of pressure required to sustain constant
volume for a high swelling soil in the,presenee of avsilable water
represents the force or pressure that must be exerted on the
availsble water to keep it from being drawn into the soil sample.

~ In non-swelling or low swelling clays pore pressures equal
aﬁplied 8ll round pressures if thevaample is completely setursted.
For saturated high sw.lling clays, the net pore pressure will be
vléas thaﬁ the spplied confining pressure if consclidation is incom-

plete,

B o _Sgturagted 8
Consider a random arrangement of particles, 1In the ﬁoint
located in the free water region, the pore pressure components are
U1uUﬂ1éuh1+Up
where U, = total proasure
Uh’ = h l."'

u&, = osmotic pressure,

A point'just outside a curved sir water interface outside

!

the range of the bound water layers surrounding the clay particle

where uair = air pressure in voids

T
"é;) + Uy
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T « Surface tension (considered +ve)

r, = radius of curvsture of the meniscus at the point

S3ince both points considered sre out of the range of the
forces originating in the particles and forces originsting from
the dissolved solutes in the fluid phase, the ionic concentration
at these points may be token to be equal. Uy = U . and since

adsorptive forces sre zero, U, « U, = 0.

H

2T
Unt + Up = Upo = Ugyr = r,

Hence

T
"m""air""x?f;“"p

Consider a point which lies just outside the curved air water inter-

face but is within the diffuse ion layer
- -2l .U
Us = Ugep Ty + Upg + Uys
U, mey be taken to be zeroc as s 1st approximation,

At the interface U.3 = 0

But at equilibrium

U, = 02 - 03
T -
1 1 ’ '
and thus Qu3 - ZTG;; - ;Z)

This indicates that at equilibrium, the osmotic pressure component
at o point within the diffuse 4ion layer must equsl the difference
in hydrostatic components due to different curvatures of menisci

between the point within the diffuse ion layer and a point in the

bulk or free water,



The curvature and jon concentration at any point are
governed by factors such as arrangement of particles, Siy. pore
spaces, degree of saturation structure, etc. The free energy
of the system at equilibrium i3 st a minimum, For partly satu-
ratc& soils, the capillary and osmotice pressure effects will,
in all probability, very in equal but unlike manner from one
point to another in the entire system in order to msintain equi-
1idrium,

3.1 PRINCIPLE OF EFFECTIVE STRESS

 Clessicsl soil mechanics has been concerned chiefly with
soil 4n which’voide are eomplateiy filled with water, It was for
such soils that Terzaghi formulated his principle of effective
stress, It is true to say that the principle of effective stress
lies at the foundation of most modern soil mechanks theory snd
practice, The fﬁndamantal role played by prineciple of effective
gtress in the prediction of behaviour of satursted soil mekes its
extension to partly ssturated soils attractive and 1mportant.

The principle of effective stress as stated by Terszaghi
(1936) (86) consists of two statements:

1. In saturated soils the effective stress o, which has
"its sest exclusively in the solid phese of the soil " is equal

- to the total stress o minus the pore preasure U
10.o‘ ‘3"“ -0 - U, -~ - (:)
2. All the measurable effects of a change of stress, such

as compression, distortion, and a change of shearing resistance

~ are exclusively due to change in effective stress,
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The principle since its enunciation hss been the subject
of intensive 33 well as extensive atudy. It 18 now recognized
that various other factors such as void ratio, stress hiatory,
soil structure, etc., also influence the engineering behsviour
of soil. The reluctance to tamper with the concept of effective
stress 4s because it continues to be "the best availgble pérameter
to express certsin aspects of soil behaviour notnbly compression
and strength [Lsmbe (1962)] (48) and because its intrinsic simpli-

city makes it smenasble to use in solving engineering problems,

For saturated soils a physicesl interpretation of the stress
which is equal to the difference between the tat sl stress and the
pore water pressure has been developed by considering the equi-
1ibrium of the forces across a "wavy plane” through the soil, The
"wavy plane™ is such that it does not cut across any soil grain,
The stress differenc§ (o=~ U), can then be to be egual to the
force transmitted at grain contacts per unit area of "wavy plasne",

" and is often termed the inter-granular stress.
6;8-0"«-0 vo £2)

The equations (1) and (2) show the algebraic equivalency of
inter-granular stress and effective stress, which has led,
unfortunately to the terms often being used interchangeably. It
| 1s important to note the distinction between the two, Inter-

{ granular stress originates from the force transmitted st grain
contacts, Effective stress is the stress which controls soil
behaviour. 1In soil systems that are fully saturated the numerical
value of the effective stress is equal to the value of the inter-

granular stress except as indicated by Skempton (1960) (78). 1In
soil systems that ere only partially saturated the effective stress
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may or may not be equal to the inter-granular stress.

Partislly saturated soil is characterised by the presence
of s8ll the threc phases - solid, liquid and gsseous. 1t is
convenient to consider three stages of partiél ssturation in g

soil.

The 156 is at high degree of saturation when air exists in
‘the form of occlgdéd bubbles i{n the pore water and the aif water
menisci envelop the soil by forming on the outer extremities of
the soil sample, hereafter referred to a8 enveloped stage. The
second: at low degree of saturation, when air in the pore space
exists In interconnected channels, when water exists in lenses
around particles contacts and the air wster meniaéi form around
‘particle contacts - referred to as Lenticular stege., The third:
the transition stege between the two. The physics of the equi-
1ibrium condition between the liquid and gaseous phases has been
discussed at length by Hilf (1956) (34). He observed that

1. As a8 consequence of the surface tension at the air water
interfoce, the pressure in the water is lower than the pressure in

the air,and

2. At equilibrium the air and water preéaures, though

different, are constent throughout a soil semple.

In one of the very 1st attempts to extend the effective
stress principle to partially saturated soils Hilf (1956) (34)
sugzested that the behaviour of partislly satursted soil is a
function of the stress gé given by equation 1, With the recog-
nition that the vslue of the pore water pressure may be negative

Members on the Staff of U.S.B.R. seemingly continue to hold this
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view (Gibbs, Hilf, Holts, Walker (1960) (27)),(Gidbbs 1963 (26)).

Bishop (1959) (6) suggested thst equation ! ought to be
modified since™ point will de reéchod (es the degree of saturs-
tion is reduced) when the soil particle will cease to be surroun-
ded by the liquid phase. The pressure in the liquid pgfs:

ves

will then act only over s reduced srea, The effective equation

may then be written

O™ » 0" - Ua - X(U" - Ua) "e (3)
where Ua denotes the pressure in the gaseous phase
U, denotes the pressure in the 1liquid phase

and X denotes a parameter which equals unity for
saturated soils and decrease with degres
of saturation”,

- In a later paper (Bishop, Alpen, Blight, Donald 1960 (8))

i
ﬁa method to determine the value of the parameter X was presented.

© Equation (2) is an equation of atatics for saturated soil,
Lambe (1960) presented an equation of statics for the most genera-
lized soil system which took into account the presence of two
phases in the voids, as well as the physico-chemicsl forces around
soil particles, In a discussion (Lambe 1960 (46)) he reduced the
generalized equation to the following form for partly saturated
soils. | |

Oig =9 - Ult - o)) - U a, oo (4)

where a_ is the solid liquid and liquid liquid contact ares per
unit ares of wavy plane and demonstrated the algsbrsic equivalency
of X in eqn, (3) and & in eqn. (4). It ie suggested that the
stress as given by the equation (4) is the effective stress for
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partly satursted soil. It 4s not possible to evaluate the vslue
of a_  with the present state of knowledge and has a range from
0.0 to 1,0 for partially ssturated eqil. Consequently one cannot
yet test whether the stress sas defined in 6M1on (4) is effective

in cbntrolling the s0il behaviour,

Aitchison (1956) (1) noted that the inter-granular stress
in partislly sstursted soils has two components; one which results
from applied pressure and the other which originates as a conse-
quence of the tension in pore water,
O'i

g " (o - u) e z.o(ua - 0) ' os (5)

where 7 is the parameter which transforms the negative pore
water pressure to its contributicn to the intergranular stress

{w is aléebraically equivelent to X and “w)‘

Some data is available which indicates that the stress
computed from eqn. (5) is indeed the stress which controls volume
change and shear strength {Aitchison and Donald, 1956) (2).

The effective stress for partly saturated soils canfbe
written as . '
| T - o - Ur
- where U* is the equivalent pore pressure and is = XU - (1-X) v, .
If the soil is saturated, X = 1 and the Terzaghi law results,

Thus the effective stress o' in a partly ssturasted spil is
defined as the excess of the total applied streas o over the
equivalent pore pressure Ux, This definition is in close sgree-
ment with Skempton's who stated that an effective stress is that

controlling changes in volume of suvil.
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To date most authora have tacitly sssumed that the
principle of effective stress is valid for partly satureted soils.

3.11 BASIC CONCEPTS OF STRESS AND STRAIN

:%L Figure ~ 3.13.

For mosat conditions of interest in soil mechenics, loadings
ere compressive, hence, it is expedient to tske normal stresses
as positive if so directed. The 1st subscript of shesr stresses
denotes the direction of g normsl streass to the plane on which it
acts, A shear stress is considered positive if it is directed
(second subacript) in the same sense of co-ordinate direction as
the normsl stress in its plane, The defined positive, normal and
shear stresses acting on the surfaces of an elemental cube at »

point P within a soil mass gre shown, (Fi9 3-»‘3)

The components of resultant stress P, on the inclined plane
with a directed normsl n are: (Ref, Fig, 3.13)
Pox = o5 cosln,x) + tﬁx cos(n,y) + T, cos(n,s)

Py = Ty cos(n,x) + oy cos(n,y) * Ty

gan. |
coa(n,z)



Pog » Cyp cosln,x) ¢ T cos{n,y) + op cos(n,s)

ns y 3

or in the matrix form

[ T y | T, .
Pox oy Tyx [ cae(q.x)
Pny - Zﬁy o Tay cosin,y)

_Pnﬁ, J;m G % | _cou(n,z{J

where coa(n,x)’ia‘the cosine of the angle between n and x

direction stc,

i.e. Px' Py, Pz of P are known w,r.t., x, ¥, ¢

To obtein. components of P w.r.t, x', y'; 5!

r4
Z' \ '
AN Y
AN P
N ~
/.
/
/ 3.4 ()
5 /i
T rect nes
x Yy e | x y | 2
x' 8 CPP 2,4 cos(x',x) cos(x',y) coa{x',s)

y! 8,4 a ags cos(y',x) cos{y',y) cos{y',s)

%! 844 35 2y cos(s’,x) cos{z',y) cos(z',s)

Components of P in x' direction i.e., Py' are

03’
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r ~
Px’x {b; Z;l Y;x %1
Pery | = |Gy 9% Cey | |12
Px’z-J Cxz (yz % 213
Componentg Py'x. py'y, Py'! of Py

can be written by substituting direction cosines of 8549 830,

8gy and gy, 855, 8, respectively. Now noting that the compo-

nents of P , in the diréct;on of x' sre the normal stress ol,

x
and that the components in the y' and z' directions are the
réspective ehnér stresses ‘C;,y, and 'Cx’z’ we find
- . - . ‘ o v -
Oyt [a1y 812 43 | [Pyey
Txtyt| = %21 822 233 Pty
[xtet| %31 %32 %33 )y Pxa

Repesting for Py, and‘P:, and combining their equivaelemts we
obtain

Or  Cyryxs Grys 891 292 213Px Ty Tox[M14 821 834
Cxryt Tyr Caryr| 18y 32 833 Gy 97 Tuy| (%42 82 83
Gest Grat %0 | %31 %2 33|, Ga G % [|%13 %23 %33

'or S,r-'AéAT
where 3 is the stress matrix w.r.t. x,y,t Co-ordinate systenm
S, is the stress mstrix w.r.t, x',y',s"' co-ofdinate system
A is the direction consie matrix

AT is 1ts transpose,
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3.12 EQUATIONS OF EQUILIBRIUM-EQUATION OF MOTION

dz
f ! 97yz dy
| Plx,y, 2)—|--~o Tyz * 575
dryz dy |~
Tyz y 2 } |
’ ——— e e e e — e
| //L Y
. c 7
P \
s 7 d
¥ / ' X
v f)_rz_zd:c
// Txa x 2 I
vl .
- dy doy dz
P Tz 92 2
x ‘ : .14 b.

Fig, 3.1é”ahows the varigtion of stresses acting on the
sides of & cuﬁical~alement that contribute to its egquilibrium in
the Z.direction., Summing the forces in this direction, we find
the third of the following relations. The 1st and 2nd aere
obteined by aimi.lar. arguments in the x and y directiot.aa.

doy 97T 47 - %
‘T;!‘*"‘a'f&"“‘ﬁl‘,'o'(ﬁ asz)
. ke J oo a7 g v
—-a—x—xx— " dyy * ZY e = 0 - (-'8-: W) .o (2)”‘_
d—cxa ‘Kyi dd"z_ : r w
dx*«t 37 + ™ 01“-0-»(-& dt‘.z)

Equations {2) sre called the equstions of equilibrium, If the
inertia forces (u,v,w are the component displacement of point P
in x,y,z, directions respectively) csnnot be neglected, the above
equation with the R, H,S, as in the parenthesis is called the

equations of motion,



The equation of equilibrium taking seepage pressures into

conaideration can be written as

S’

da~ T xy d'Z,m .l J

ox ey e g - 0
d¢C Qo &'C dh
_.Jx.ﬁ-., dYY + rw'-a-?-) -« 0

T T L
'333:@'"'* d&ya’ aJ?‘*“‘w‘%'”’""’

where r' = submerged unit weight,

3.13 STRESS INVARTENTS

A principal atress is defined as the normal stress on a

plane on which there is no shear stress,

If o is the principal stress, with n as the direction
normal to tme plane, the components P, = o, cos(n,x),
Pay = %% cos(n,y) and Pug = O, cos(n,z)

’« Bqun, (1) can be written as

(o3 - o) cos(n,x) + T __  cos(n,y) + Zxa cos{n,z}) = 0O

vz
'ny cos(n,x) + (o} - op) cosin,y) *_Cyz cos(n,z) = 0
Tgx c08(n,x) & T, cosln,y) + (0 =~ o7) cos{n,s) =0
and also coaz(n,x) + coaz(n.y} + cose(n,:) - 1

‘. coa(n,x)'. cos(n,y), cos(n,z) « O it follows

%% (xy Cxe
’C*Y 0;-0;‘1 TYB | =0
Cxe G o - %

Expanding the determinant, we find the functional relationship
cslled the characteristic equation.
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xyzxztya

I,, I, end I, are independent of the direction cosines and are .

therefore 'independent of co-ordinste axes,

3,14 OCTAHEDRAL STRESSES

Assume that principsl stresses directions (1,2,3) coincide

with x,y,% coe-ordinate axes,

octehedral plane,

n 1s the direction normal to an

cos(n,1) « cos(n,2) =« cos(n,3) = cos 54°%Lk' = ¢ 7’;

»» Normal stress on octahedrsl plane

) .
%ct t[;".;s -}-_.5' "1,_;:] d‘i 0
0 o3
LO 0
= 3% + 0z + o3)
2
T oet ™ Prf - %ﬁt
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where Pnz is the resulting stress

- (o7 cosl(n, 1] La‘* cos(n, 2] + | o3 cos(n, 3~12

b ot = 3 flra? ¢ (opm )P 4 (07— 03)2

It s immediately apparent that octshedral stresses ere related
to the stress invarisnts as

Toey * lI*u%(O"«b yfﬂ") '
' 2 2
Toed =§ 0f - 31 = § (o - 0P ety )P (g - o)
+ 6(% » Tx: + 'ny )]

3.15 STRESS SPACE

The state of stress on a soil element can be represented
by & point in the stress space, Such a point is called » stress
point, During a test the stress acting on an element varies and

the stress point them traces a curve in stress epace which is

called a stress path,

3.16 XIIELD CRITERIA

It is a common hypothesis of the theory of plasticity that
if any materisl is tested to_determins the various combinations
of principal stress under which it yields and these states of
compound stress sre represented as points in principle stress space
the points will define a surface ¢alled a "yield surfece in
principle stress space”, Various forms of surface have been shown
to correspond to various yield criteris.

+MWHH+



L FACTORS AFFECTING THE SHEAR STRENGTH OF SOX

L.9 Tho nunbor of fundcaontal peoramotors vhich affoet tho
shoaring boheviour of cohosivo coil 4o large. Thoy are ususlly
difficult to mooourc ond the rolativo importance of thoir indi-
vidunl influonces on the results of teoting is difficult to assess,
In tho broadest torm the shooring strength of cohcsivo soil 1 a
function of structure of tho aoil, tho void rotio or tho avorago
opacing of particlos and the rate of ohcar, all mogourod in tho
plgne or gzone of‘failufo. It musﬁ bo rocognicod that there nay -
be fectors still unknowm that offeoct the shoar strongth, Taylor(8&5
adﬁitting thot ho outling of the foctors on uhiéh shooring
atfength.daponda could be scteup which would be simplo in all
rospects and aa%isfnccoiy. hao given,a roforence list of the
tactbra vhich ore elaseifiod acs |

{4) Fundamental factoro affocting choar otrength
{(41) Altornoto or intor-relatod factors |
(444) Typos of opporstus cnd tostos
{iv) Other cubjocts ouch oo fissures in cloy ond non-

icotropic offocto,

Thoupgh it is not posoible to dofine the coffoct of those
individuol factors quantitativoly, vhich are intor-dopondont, it
ic posoiblo to givo o quolitotive picture as to,how theso foctors
night offoct the mosourocd otrongth of o cohocive soil. Tho
differont factors aro diocusscd undcr the followving brocod bpood
groupo

(1) Phyotenl ond physico-chcaicol foctors
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(41) Stress history
(114) Particle interaction
(iv) Time effect or progressive failure

(v) Methods of test evaluation and strain rate.

L.2 PHYSICAL AND PHYSICO.CHEMICAL FACTORS

The physicasl components governing development of shear

strength of soils arise primarily from the resistance to sliding
movement of one particle on another and to interlock between
particles., Rosenquist {66) divides the interlocking phenomena
into two distinct types, |

1. Macroscopic interlocking of particles requiring appre-
ciable movement of particles, normal to the fgilure plane thereby

giving to an increase in volume prior to failure,

2, Microscopic interlocking because of aufface roughness
of particles resulting in small movements of particles normal to

the failure plane,

These physical factors are proportional to the effective
normal stress on the failure plane and sre charsctaeristic of
grannular materials., To what extent these factors sre valid in
cohesive soils depends on the inter-pasrticle forces of attraction
and repulsion associated with cley water system, If the inter-
particle forces are small and do not inhidbit particle contact,
then the physical factors become significant,

Frictional resistance may sometimes be considered as »
physico-chemical phencmenon, Because surfaces of particles are

not absolutely smooth, when two particles are brought into



contact with each other under streas, the contsct points will
deform elastically or plasticslly by an smount sufficient to
sustain the applied effective stress, The close proximity of
the contacting sreass gives rise to adhesion derived rrbm the
electrical forces of attrsction, The adhésive forces which must
be overcome for sliding to occur give rise to shesr resistance,
The shear resistance is proportional to the strength of adhesive
bond, which is a function of distance between étoms in the

containing surfaces and of the compositin of the material,

In dense materisls where psrticles are packed in a close
cénfiguration, 1%115 necessary for particles to move over adja-
cent particles for ahparndiSplaeement.. The interlocking that
‘occurs because of packing will csuse the resistance to motion
ahd,cenaequently volumetric expansion must occur to accommodate
.particle displacement. In undrained triaxisl tests on saturated
soils; volumetric expansion causes decrease in pore water pressure
and:an increase in effective stress, thus resulting in an increase
in ﬁoaauﬁod strength, The magnitude of friction and interlocking
effects depends on soil composition, nature of minerals present,
surface charaéteriatica, packing or structure, te#t condition
- ete,, since particle sise, shape, size distribution and packing
are function of composition. Volumetric expansion may be
- related directly to composition snd associsted factors such as

void ratio and arrsngement of particles,

If in a clay water system the interaction of clsy particles
is such that there is minimum of actusl physical particle to
particle contact, the definition of friction as such must be

altered. Friction can no longer be accepted as that property
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~ derived from particle contact if the interaction of clay |

- perticles is through the adsorbed water layer and the layers of
- exchangeable ions, The physical demonsiraction of friction as

a parameter concerned with the sheer strength of clay soils will
depend on constraints, determined by the test technique, and
method used for evsluating the test results;

The structursl foctors of clay can roughly be divided
into two groups: dispersed (oriented) and flocculated (unoriented

¢clays).

Disporsed Clays: The soil is dispersed as a result of
the environmental conditions at the time of deposition and the
clsy minersls present. Subaéquent lnaching may have altered
the pore water properties between the time of deposition and the
time of stressing by an engineering structure, Both the struc-
tures of the soil and its béhaviour under shear stressing

develop in part as a result of these conditions,

In dispersad ciay soil, or soil whose psarticles do not
touch, a threshold sheering strength i{s not expected to exist,
and strictly speaking, the soil will possess no angle of internil
friction. However, aven if the grains are sn oriented parallel
to one another, an increase in external stress will change the
apacing of the graina at equilibrium, snd a higher shear stress
will be'requirod to cause a given rate of shear., In this case
‘shear strength will increase by increase in the rate of shear,

since the shear is due almobt entirely to viscous effects.

Temperature which has also an effect on Shear stress ordi-

nate at given rate of strain acts in a complex way. 4n increase



in temperature decreases the thickness of double layer so that
at a constant external stress the woid ratio will decrease,

which might be expected to reise the shearing stress.

However an increase in tempersture reduces the pore fluid
viscosity end this reduction would have the opposite effect on
shearing'atresﬁ. It has been established from the tests that
viscosity of clay suspensions and therefore shearing strength at
8 given rate of ahear; decresses with tempgrature at approxi.
mateiy the same rate as the viscosity of brdinégl water, In
dispersed clays tﬁe electrolytic nature of the pore water and
‘the exchangeable ions present will also affect the void ratio

gnd the shearing stress required to cause a given rate of shesr.

Floeculated claya: The behaviour of the material under
stress will depend both on the structure of the soil as fofmed
in the original environment from clay minerals and on subsequeﬁt
leaching to give the properties of the pore fluid at the time of
stressing by sn engineering atrﬁcture. As with dispersed clays,
the dielectric constant of the pbrn fluid, the valence and
concentration of the electrolyte present, temperature and time

elasped since deposition play e role in soils behaviour.

In addition, the structure of flocculated clays at the
time of shearing has developed to a greater degree as a direct
result of the history of stressing of the soil than is the case
in'already strongly oriented clays. If previously spplied
stresses normal to a possible failure surface exceed the stresses
existing on the surface at failure, the s0il is prestressed, or

over consolidated. Thus the structure as well ss the inter-
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particle spacing or void ratic in the failure zone depend on
stress history, The presence of s wide range of grain sizes
will modify the shearing strength of the soil. Since the
‘shearing strength of the soil depénda on the number of inter-
granular contscts {n the shearing zone and the contacts reflect
the stress history of the material, in particulsr, in that they
increase in number with 1ncreasing effective stress, the shearing
strength will exhibit a dependence on effective stress, The
relationship, although anslogous to that characterised by the
friction angle of granulsr soils, arises, as we have pointed out

from different mechanism,

All the above consideration have been dealtyf with from
the point of view of a saturated soil. If the soil i{s not
completely ssturated, the degree of saturation will play a part
in the shearing behaviour. In this case, further capilery |
effects arise through the stresses developed in the soil by thg.

meniaci et the gas water interfaces.

It was noted that both the void ratio and the structure
of the soil in the failure zone influenced the shesring strength,
Normal effective stresses act to change principally the void
ratio and, to a lesser extent the structure, Shesring stresses,
on the other hand, have their grestest effect on the structure of
the soil in the shearing zone, orienting the particles paréllol
to the direction of shear. Since in this orientation, the soil
is much less able to resist normal effective stresses on the
failure zone, the void ratio can more»oaeily be changed by the

normal effective stresses, It follows that g combination of
shesring and normsl stresses on a particular gcne of the soil is



a more efficient agent in decreasing void ratio than normal

effective stress alone,

" 4,3 NON-ISOTROPIC EFFECTS

- It is likely that most stratified soils have somewhat
smaller shesring strength parallel to the strats than they do
- across the strata, In some vserved clays this difference may be
large, However in clays having only a moderate degree df strati.
ficstion there is little avidance of much strength variation on

different planes,

L., STRESS HISTORY

Observed failure charascteristics in cohesive soils present

a complex picture, For initial considerations, the drained shear

test con be used to illustrate certain phenomena in laboratory
tests on clays subjected to various stress histories, The

following nomenclature will be used in discussing these properties:

= Consolidating pressure = effective consolidating stress o

Al

O » O at fai;ure

07 = normal stress on fgilure plane at failure

In the consolideted drained shesr tiat, 1f the test sample
is fully consolidsted prior to shesr, and if the shearing process
is conducted slowly so that pore pressures sre not generated, the

stress developed in the soil are effective stresses.

For a condition of 3%

between shear stress T e and consolidation load at failure,'aif

> previous load, the relationship

is eesentially linear (Fig. 4.1). The importance of load history
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in shéaring strength c¢an be demonstrated with over consolidated

semples which are subsequently subjected to the drained shear
test at confinements other than the over consolidating load. This

phenomenon is shown in Fig. 4.2.

—
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—

Shear st-es. 1y

)
; ve for Samples Consolidirted for. Draimed Sicar
Jest, (b) Drained Shapr Test Results for the Consolidated Samples
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The drained shear strength of samples A, B and C, normally
consolidated as shown in Fig, at varying coneolidation.loads
shows a linesr relaticnship between strength and preconsolidation
pressure, Following preconsolidation to a terminal pressure, the
dreined shear strength is much higher than that of s c¢ompanion
sample shesared without pre-loading if rebound to a lower consoli-
dating or confining pressure is allowed., Thia is demonstrated in
the shear strength of samples E and D, The cherscteristics of
shear following rebound and reloading ere shown by samples F end G.
The property of residusl strength or "cohesion” following pre-
loading to a terminal load has led to exsminstion of shesr strength
of cohesive s0ils in terms of initinsl structure and orientation ef

particles,

For simplicity in anaslysis, the hysteresis loop can be
approximated by straight lines (Fig. 4.3).

@, =Preconsolidation pressure

Tiedemann approximation
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The equation givan for shear strength C shows thst the
cohesion term is dependent on the stress history and preconsoli-

dation preasure of the clay soil.

CLES INTER-ACTION AND SHEAR STRENGTH
We have shown that prestress history affects shear strength,
This may be exemined on the basis of inter-action of the particles
during shear and their importance in the development of ultimate
strength of the soil sample. In the previous chapter, rasndom,

flocculated and oriented structure are discussed,

The end result of preatressing or preloading is to reorient
the initiel asrrangement or structure of particles to some final
configuration, The development of shear resistance within the
soil depends on the interaction of the soil psrticles, If the

‘final configuration results in increased resistance to displace-
ment of soil particles under the action of an spplied shear force,

then greater strength may be found, It is poassible on this basis



to formulate a working hypothesis which wuxld provide the
mechanism for shear and answer some questions concerning pore

pressure, inter-particle forces and particle interaction,

Coheider the cese of a pure clay where on the soil parﬁiclee
are plate like in shape. These psrticles will be oriented in some

,particular configuration, 4,e., in flocculagted or random structure.

The three types of bonding thet can occur as a result of

inter-particle and surface forces may be classified as follows.

(a) Edge-to-surface bonds in the edge to surface
'~ srrangement, |
(b) Edge to edge bonds in the edge to edge arrangement.

{¢) Surface to surface bonds in persllel orientstion.

The edge to edge and edge to surfsce bonds cen include
both ceménting bonds and those resulting from inter-particle forces,
Denoting these as es, ee,vand ss bonds in the order given sbove,
the ss bonds tend to be the weakest for the seme offect1§c particle |
spacing., The differentiation between ee and es bdnding strength
must depend upon the type of minerals present, the cementing agents
and the specific charges on mineréls themselves, The dominent
bonding forces in a flocculated structure would likely be the es

forces, Under the action of shear displacement the primary .
component of shesr resistance is derived from destruction or break-

down of the es bonds, Strain curves for this type of sample is
shown in Fig. 4.4,

U
For comparison, Figékalso give stress strain curve for a
randomly oriented structure. Because of the wesker ss bonding
there will be a flatter slope in the stress-strain curve., In
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many instances these semples are characterised by the absence of
a peak point, Particle interference during relative particle
displacement slso contributes to the shape of the curves, A
higher degree of physical inperferenéo 4s found in the focculsted

structure,

In drained strengtﬁ tests where no pore pressures sre
generated, the breskdown of bonds end the consequent reorientas
:ﬁion of particles together with physical psrticle interference
will define the stress strain curve, In an undrained test where
pore pressures may be genersted, restricted particle orientation
due to the absence of volume change will influence total particle
interaction and consequently yield a different set of psrameters
for shear strength, This is most important and must be considered
in the evaluation of these shesr strength parsmeters, It is
important to realise that in the laboratory testing of soils for
evalustion of shear atrength,_the pore,pfeasure simulated must
be that anticipate@ in the field., 1If a drained condition 4is
expected in the field under actual loading conditions, this type
of test must be performed in the laboratory, In this case shear
strength development is a'function of ph&sical srrangement of
particles without generation of pore pressures, The significent
property is that arising from phySLcal breakdown of es bonds,
This menifeats itself in the conventional Mohr-Coulomb anslysis
of test results as the friction psrameter, For undrained tests,
resistance to particle rearrangement may be provided through
total pore pressure response, which would produce different yiéld
charagcteristics of the soil samples. If one i{s sble to measure

accurately the pressures in the fluid in the s0il semple, it would
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be possible to compute what pressures might be due to physical
breskdown and reorientation of particles. This would provide a

more reelistic evaluation of so0il performsnce,

4.6 PROGRESSIVE FAILURE

In the concluding the third Terzaghi lecture on progressive
fatlure in aloﬁes of over-consolidated plastic clay end shales
L. Bjerrum (11) has remerked, "a land slide devil seems to laugh
et the human'ihcoipéfenCy“ quoted from a report describing the
tremendous land slides in the hesvily over consolidated ¢lay

shales in Jspan,

In a most significant contribution to this subject
présented in the fourth Rankine lecture in 1964 Skémpton (79)
reviewed our knowledge on Residual Shear strength and compared
its value with sheer strength computed from slides in over conso-
lidated clay. In this paper Skempton used the term stiff fissured
élav. However it is changed by Q:erruh to over-consolidated
. plastic clay as fissures are not believed to be essentisl to the

conclusions drawn therein,

Skempton drew throe 1m§ortant conclusions: , -

| 1. The residusl shear strength parameter ¢'r is indepen-
dent of the originsl atrength'of clay and such factors as water
content and liquidity index. The value of i}, of clay seems to
depend only on the size, shape and minerological composition of

the constituent particles,

2. The average shear stress along the failure surface

cogputed from a number of slides in over consolidated plastic
clays bears much more resemblance to the residual shear strength



than to pesk strength and an analysis of some slides in nstursl -
slope showed that the shear strength at fsilure were nearly equal
to the residual shear strength,

3. As 8 consequence of this finding, Skempton conclﬁﬁgd
that the slides in over-conaoligatad ciais were preceded by'a
progressive developmont of a failurc surface, In natural slopes
where sufficient time has been aveilable for the development of
sliding surfaces by progressive feilure. the ultimate etabiliey

depends on the residual shear strength only.

| Now it is a well-known fsct that if in a drained shesr
test the sample is strained beyond failure fts strength will
decrease and ultimately reach a certain value the residual strength,

which will remain constant for further atraining._

For qurncbnaolidatod plastic clays the drop in shear
strength after feilure is very aignificant and the residual shear
strength is ohly a8 fraction of the peak atrohgth. The residual
shear resistance has a2 frictional charﬁcterfglthongh the value
of ¢r is not necessasrily independent of the normel pressure. A
distinction iz made between shear strength expressed in units of
stress, and shear resistance which 18 a rstio of shear strength

to effective normsl stress,

~ The powerful agent capable of bringing even the hardest
clay to failure is to be described with a single name, it should

probably be "recoverable strain energy".

It is concluded that considerstion of the properties of
over-consolidated clays thus tells us that the potentisl for a



progressive failure is not equal in all ovgrnconaolidatcd clays,
but greastly depends on the time at which the stored recoverasdle
atrain energy is liberated,

It 13 clear from the study of recoverable strain energy
that in some clay the strain‘energy is recovered simultaneousli
with a change of stress, whereas in others it is "locked 4n" and
is thus not immediately available., The explanation of why strain
energy is stored in some clays proved to be that in these clays.
Diagenetic bonds were formed when the clays were carrying their
maximum‘conaolidation load., These diagenetic bonds have the
character of a welding of contact poihts between particles, thus
preventing the bent particles from straightening when load is
redﬁéed. The diagenetic bonds sre however graduaslly destroyed
when the clay near the surface becomes exposed to the various
agents of wcatheiing. During westhering the "locked in" strsain
energy is gradually_lierated. The prasence of diagenetic bonds
and their gradusl destruction thus proved to be an important
factor in the discussion of progressive failure becsuse of the
clay in liberation of the recoverable strain energy. Thers is
consequently an essential differonce in behaviour of over conso-
lidated clays with wesk and strong diagenetic dbonds.

L.,7 METHODS OF TEST EVALUATION - RATE OF STRAIN

The methods of test evaluation are discussed in full 4n
Chapter 7, where shear strengths are determined by various
techniques ihose methods which entasil the lsast amount of handling
of material tend to give the lsrgest values of strength,



4.8 RATE OF STRAIN

Invostigotiono of this poromotor ore complicated hy tho
precenco and behaviéur of the pore water in the coil. If one
ostsblichcs ¢the eriterion that a test should be run ouffictently
slowly so that no oxecess proogures are gonoragod in the pore
water, the veriation in sheor strength of the soil alone c¢an beo
evaluated. The recults of guch tests indicate thaet shoaring
strength defined by the peak of o stress-defermation curve at
very slov rates of gtroin, ocay 10‘“% per min, nay be 15 to 200
lower than thot at the retes of about 1% per min. In goneral,
the'strength is more affected by oxecess pore prossures genorated
during sheasr, '

Undroined tests at different rates of strain were performod
on unconfined opecimens of coheoiva s0il by Casegronde and
‘Wileon (18) end on both unconrined ond confinod samplec ot more
rapid rates by ﬂhiteman. %he results in gonersl of these tests
are shown in Fig. 4.5, end 4t can bo gsoon that the otrength Chnongfn

Shear strength
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5 XYIELD AND FAILURE . DIFFERENT CRITERIA
5.1 BEHAVIOUR OF SOXL UNDER STRESS

Consider & body of soil under the action of spplied effec-

tive stress, which in soil may be either hydroatatic or devistor .
stress or both. The stress will be applied to the body and
removed 8o that one can discriminate among the various effects.
Tﬁe effoctive stresses may be considered to be applied to the
body in such s way that ell the elemental volumes of the body are
subjected to the same stress system simultaneously. Hence the
s0il is said to be stressed homogeneously. Figure 5.1 shows the
displacements which take place in the body as a function of time
during and after load application, They may be considered‘co be
length changes.

R .
Time

| F y/nstentaneous permanent set
e e
Recoverale b\ © { Total permament sct
Jeformati Ao : DAY
eformation § 'A\\ ‘

Figure_ 54.General soil deformation behavior,

When load is first spplied there is an instantaneous move-
ment OA, If the load were immediately removed the point studied
would return to s position indicsted by point B, leaving a perma-

nent set of amount OB, while the recovered displafiement AB can be
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considered to result from elastic strains in the material. The
permanent set comes sbout as s result of locél overstreasing of
soil grains which move under unbalanced forces., On removal of the
applied stress, there is no mechanism by which the disturbed |
grains csn return to their originsl positions, and the resultent
nmovement is irrecoverable. Because of micro stress discontinuities
in soils, additional permanent sets will accrue from repeated
loadings, but they become smasller, tending tonards zero, as indi-
vidual particles reach stable positions at the applied stress level,
Should the stress be increased at some subsequent loading cycle,

8 new permanent set will, of course, be established, Thus, in

_ gcnerﬁl, repetetive loadings of a soil at stresses well below the
macroscopic failure 1nten91ty cause the instantaneous response of
80il to become essentially elastic. This effect is borne out by
experiment, |

If the stress, once applied is allowed to remasin on the
soil for some time the displacement will continue along the curve
of exponential form illustrsted by AC, The part of the displace-

ment time curve csuses plastic flow produced by

(s) relaxstion process which csuses plastic flow of soils,
i,e., individual points of contact of grains change
position gradually at a rote dependent on the stress

level and the environmental temperature, and

(b) the stress Eeqdjuatmenta that distribute themselves
through the mass from 1ndiv1dual particle movements under
load imbalances,

The material deforms in this stage ss s non-linesr viscous fluid,



78

At the time and displacement represented by point C the
stress is presumed to be instantaneously removed. The point under
study will immediately return to the displacement indicated by
point D, where CD is the elastic deformatiocn of the mass snd is
approximately equal to AB, If the losd were to be reapplied
immediately, the point would return to a position represented by
point €, Otherwise, should the s0il remain unlosded, the point
will gradually move exponentiaslly in time, producing the curve DE,
which eventually becomes tangential to the line FF°*. "?hua under
the,épplicatien and removal of the applied effective stress, the
point comes to rest, the extent of permanent diaplacement being OF,

The position of the movement shown by DE i3 ascribed to an
ELASTIC AFTER EFFECT and may be explained as follous. The original
and continued application of effactive stress result in the
development of stresses in soll grains which cause viscaus flow
in sdjacent pore water or move adjecent soil grains in time. When
‘the load 18 removed after some time, the viscous deformations
which have'taken place sre no longer compatible with the tendency
of elestically stressed grains to return to their original shape
or position; residuwl stresses exist in some grains to return %o
their orizinsl shape or positiony residusl stresses exist in some
grains on removal of the applied stress, These residual stresses
gradually relax in the course of time as the pore fluid or adjacent
grains asgain mowe viscously snd in this case, the relaxation
process tends to restore the displaced point to its originsl
position. However, when permanent stresses have relaxed completely,
some portion of the first viscous flow which occurred during the
period of load application remains in the form of permanent set,
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in addition to the original instantaneous set, consequently the
longer the load is spplied the grester are the deformations
resulting form viscous flow and the larger is the ultimste perms-

nent set BF resulting from these deformations,

This situation is illustrated in Figure 5.1 in uhich'the
originally applied losd is maintained to the time represented by
point C,. Removal ;f the stress at this time again yields the
recoversble portion of the movement C,D, (approximately equel to
"AB and CD) and g slow change‘in.poaition of the point, resulting
in the curve DiB,, which is assymtotif to F,F,'. The permsnent
set BF, resulting from the length of the period of the load
application is grester than the set BF due to the 1st shorter
period. In genersl, fhe constant (which is representotive of the
viscosity of the materisl in flow) describing the exponentisl |
unloading curve DE will not be ssme as that of the loading'curve
AC and both constants will be affected by the number of streas
cycles to uhich the s0il has been submitted, since the structure
of the soil material which determines its response to stress, can
be sltered to a great degrce by progressive deformatiana.

The behaviour has been described for soils in general, and
may be considered to apply to cohesive soils,

5.2 In practice, the hypotheses of s linear elastic behaviour
without time effects for soils is used as a bssis for calculations
which extend the assumption fer beyond the reasonable limits. The
model is always considered to be isotropic, homogeneous, ideslly
elastic solid exhibiting e linear relationship between stress and

strain, and in terms of shearing stress and shearing strains,
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Three sets of relation are required in genersl to deter-
mine the stress distribution in s material, They are
1. Equations of equilidbrium
2, Equations of compatibility
3. Equations describing the behaviour gf the mgterial.

When the loads spplied to a s0il mass are graduaslly incr-
ensed, these equations and the boundary conditions determine the

increasing stresses,

5.3 Interest {n the'ponsible\applieation of plastic theory to
soil mechenics has quickened during the last few years and the
need for further fundsmental information on the properties of

soils has become apparent,

Although some of the 1st workers in plasticity were |
primerily interested in soil mechanics such as Coulomb in 1773 (22),
work within the frame work of modern plasticity theory dates from
1951 when Drucker and Prager (25) made a atudy of posaible appli-
cation of limit design in this area. This work has been followed
by a series of theoretical studies by Shields (74)(mixed boundery
velue problems in soil mechenics and on Coulomb's law of failure
in soils).

Chandwick and others, assume that soil c¢an be regarded as
ideally plastic material which follows Coulomb's yield criteris
at all stress states. Direct evidence in support of these sssump-
tions on the nature of the material has been lacking. As far as
the yield condition is concerned, only the results from the

standard triaxiasl test and from torsion test have been availabdle,
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These two tests examine the states of simple shesr and of simple
torsion auporimpoacd on a hydrostatic pressure., The only experi-
mental information available on fntermediate stress staotes
cppears to be a short series on a sand reported by Hebib (29).

As regerds the flow rule even less information is aveilsble.
In en ideslly elastic body, & dilation would be expected. In
soils a small dilation is observed but it is far less thsn would
- correspond to an ideally plaatic material. This has led to specu-

lations about the use of strain hsrdening model,

However, the stresses in soil "at failure" imply that soil
behaves like an ideally plastic material, with the stress deforma-

tion behaviour exemplified in Figure 5,2.

4 A

: ElasticA

! Piostic
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Stress
Stress

opr Displocement S Displacement .
: @ , (b)

Figure-5-2. Idealized plastic-flow characteristic: curved strength envelope.
(a) Real case. (b) Idealization,

In this context, the actual behaviour of the material in
tims, after the flow stress has been reached, is not specified;
failurse slone is sufficiently important, When time is involved,
the behaviour is characterissd as visco-elastic rather than
plastic. 1In some soils, the recoverable deformations which take
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place prior to failure sre amail in magnitude, particularly in
comparison with the movements consequent upon the attainment of
the limiting stress, and hence may be neglected, A soil possesing
this property is celled rigid plastic and behaviour is shown in
figure sbove., When recoverable deformations are so large thst
they pléy an important part in sny stress analysis performed, the
soil involved is called elastic plastic., As ususl in aoii

mechanics, the relatively precise meenings which can be given to

.these terms in other branches of spplied mechaniecs, even in terms

of real materisls, are difficult to grasp, Irrecoverable or
plastic deformations tske plece at all stress levels in a typiceal
soil as a result of the accumulation of individual grain movements
that are brought about by both macroscopic, hydrostatic snd
shearing stresses, In the typical stress deformation pattern

“shown for a soil, separate contributions of recoverable deforma-

tions, OA and irrecoverabdble deformations AB are noted. If the

:s0il is stressed upto a point C, and the load is removed the soil

recovers to a permanent deformstion represented by point D, The
work done on the soil in this cycle of loading is represented by
the area OCD in the figure and since the work done to produce the

recoverable deformation is regained, the area represents the work

lost to the soil, i.,e., the work which produces the permanent

deformation (assumed to be homogeneous) in the volume of the sotil,
Work is therefore stored in the structure, lost or dissipated in
the process of producing irrecoverable deformations in a materisl.
Since loading eslone is insufficient to determine the separate
contributions of elastic and plastic deformations to the totsl,

“the initial elastic response of the material at low stresses as



presented by the line OA is obtained by drawing s parallel line
to the unlosding line CD, The material whose behaviour is indi-
cated in figure above is called a 'work hardening solid' in the
terminology of applied mechanics,

5.4 The main object of laboratory tests on a soil is to detera
mine the stress deformation or failure cherscteristics of materisl
under homogeneous stress conditions, Ideslly it should then be

~ possible to ascsume that these characteristie properties will also
- be exhibited by the same soil in the field, where the stresses
applied to it may very from point to point,

5.5 The 1nvastigation of the limiting behaviour of ditfefent
soils under applied stress reveal that it is possible to preseribe
a stress state at which the soil would just begin to deform conti.
nuously, provided that certein properties of the given materials
were known., The atate of static equilibrium cannot exiat at
stresses in excess of those determinad., These conditions ere
referred to as limiting or faflure eonditioh snd can be described
in tofms of deformation as well as stress, In fact, for a
completely rigorous anglysis of the behaviour of soil under applied
loads, we must use the deformation criteris since the stress
distributions that develop in soils adjacent to structures are
extremely sensitive to both the gross and relstive movements of
the structures, Thus, in most practicsl soil engineering problems,
boundaries will be stipulated slong which both stress and displace-
ment conditions must be observed. This class of problems possess
"mixed” boundary conditions and the resulting stress distributions

in the so0il sre statically indeterminate in both elastic and limit
condition anslysis,



Should stresses slone be specified along a soil boundsry,
the boundary conditions may be considered to be #tatieslly
defined, end although the elastic problem may atill be indeter-
minate, the solution at the limiting or fallure condition is
statically determinate, The difference in this case occurs
becsuse a complete snalysis of the elastic problem requires that
the compatibility equetions be satisfied by the strains arising
from any proposed solution. 7The elastic stresses arising, in
the medium under study must be contingoua throughout the hedium
although boundary discontinuities occur, However, in the
development of failure or limiting stresses, unlimited flow or
strain tekes place when the liuitiqg value is reached in & zone
or area of the region being examined; thus the specification of
8 limiting stress imposes no deformation condition, and the
solution does not involve a compatibility requirement {n the same
sense as does the problem in elasticity slthough a continuity
conditions must be adhered to.

For a plane strain we can write

doy 9 C,y e 4%
T* dz " 8 42 (1)
R (2)
dzxz Ldzw
ax _JL T gt
du aw : Jdw d
also T T—- Yxa - 3% 4-3%-
€y = Y= Tyz = O

where u snd w are displacements in x and = direction.



These expressions provide the starting point for sll
subsequent considerations of stability problems in soil mechanics
for which plane strain can be postulated, Of considrasble impor-
tance in this array is that three equations of motion are
required rather than the two equations of'oquilibrium usually

assumed,

To reducé the number of equations, some assumptions must
be made relating shearing stresses and shearing strains, The
usual procedure is to assume tacitly the validity of elastic
theory or simply to ignore the existence of the third dimension.
'Zgy -'tyi=0, thus eliminating
eqn. (2), an?beducing the three equations to the two expressions

Either assumption will render

below -
doy d Tyy e
d Uy |

% —r-*‘--' 2y

For conditions existing prior to the initisl development
of a discontinuity, the inertia terms in the above equations
vanish., The same is true once & ateady stste velocity field is
established., However for conditions existing in the time span
from the initiation of motion to the evolution of a steady state,
due consideration must be given to the dynamic problem and
progressive failure. Although some work has been done in allied
fields on matters dealing with the nature of moving cracks, to
date‘only very simple boundery conditions have been amenable to

theoretical considerations., To obtain a procedure with some
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expression could provide s messure of the circumstances governing
the motion of & part of the aoii, it is seid to be 8 yield or
failure criterion., Since it would be required to furnish s
relationship valid for both simple laboratory tests and complex
state of stress in the field, 1t is raaaonéble to expect that,
should a yield criterion exist, it should be a function of

invariants of stress.

[

t(I,. 12, ;3) = 0, Siﬁce the invafianta of stress c¢an
‘be defined in terms of the three principal stresses (assumption
of homogenity and 1a§tropy will render them independent of
direction) may also be expressed in the form '
F (GTI‘. % 0‘3) =0

where the principsl stresses o3, 03, and,as are the roots of the
cubic equation ,
| o - I o* - I,o0- 13 = 0 A

From the mathematical view point the functionsl relation-
.ship in eqn., -F(og; 03, 03) o O represents a surface in principbl
. stress spece with axes of co-ordinstes along O1s 0 and 0%, In
as much as any combinstion of stresses falling on this surface
represents a limiting condition or state of feilure the determi-

netion of its shepe is of parsmount importence,

The successful determination of @ yield surface will
obviate the need for consideration of strains or volume changes,
The implications is that, for any yield criterion to be valid,
it must of necessity reflect these considerations in the relation-

ships it specifies amang principal atresses for limiting conditions,



hope of luéceaa it is necessary to limit cénsiderations to
equilibrium conditions. That is, it wili be assumed in subse-
quent considerations that equilibrium prevails and that the
boundery loading is Jjust cepuble inducing failure. The philo-
sophy of failure associated with this simplificetion is said to
be one of limiting equilibrium,

The two main limit theorems for any body or assemblage

of bodes of elastic-perfectly plastic material are:

(1) Collapse will not occur if any state of stress can be
.found which sstisfies equilibrium end the boundary conditions on
stress and for which all stress points lie inside the yibld

surface,

(11) Collapse must occur if for any flow pattern considered
as plsstic only, the rate at which the external forees do work

on the bodies equels or exceeds the r ate of internsl dissipation.

For the 11m1ting condition we can write,
a0y a7

9% 9%
ox T 9z

C 3 o ‘b)

Equations (a) and (b) demonstrate that conditions of equi-
librium alone are not sufficient to provide the stress field
within the soil body yielding only two relationships among the
three unknown stresses. Should another independent expression
exist that could relate these threec stresses in a unique way,
the resulting system would fulfil our needs for assessing the

adequacy of a structure subject to loading, Becsuse such an
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expression could provide a measure of the circumstances governing
the motion of & part of the aoii, it is said to be a yield or
failure criterion., Since it would be required to furnish e
relationship valid for both simple laboratory tests and complex
state of stress in the field, it is ressonabls to expect that,
should a yield criterion exist, it should be & function of

inveriants of streaa.

¢

t(I,, 12, ;3) = 0, Sihce the inveriants of»streea ¢an
‘be defined in terms of the three principal stresses (assumption
of homogenity and iaétropy will render them independent of
direction) may also be expressed in the form '
F(°3f s 03) =0

where the principal stresses 9 0%, and‘og are the roots of bhg
cubic equation ,
| o - I, o - I,0-1I=0 >

From the mathematical view point the functional relstion.
.ship in eqn., F(oa; 0%, 03) s 0 represents a surface in principal
. stress spece with axes of co-ordinstes slong G5 03 and 03 In
as much as any combination of stresses falling on thia surface
represents a limiting condition or state of feilure the determi-

nation of its shgpe is of paramount importeance,

The successful determination of a yfeld surface will
obviate the need for consideration of strains or volume changes.
The implications is that, for any yield criterion to be valid,
it must of necessity reflect these considerations in the relstion-

ships it specifies amdng principal stresses for limiting conditions,
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5.6 THEQRIES OF FAILURE

Here a consistent set of laws for plastic flow will be
discussed . The main requirements sre that the volume of the
material remains constsnt under plastic deformation, that a
hydrostatic pressure does not cause yielding and further that
the hydrostatic component of a complex state of stress does not
influence the point at which yielding occurs, We also need some
criterion that uill.péedict when yielding starts under a complex
state of stress, given only the yield stress under a simple
stress (e.é., uniaxial tension or compression) determined by

experiment,

A satisfsctory failure criterion must express with reaso-

nsble asccuracy -

1. The relstionship between the principsl stresses when
the soil is in limiting equilibrium.

2. It should (for practical purposes) express their rela-
tionship in terms of parameters which can be used in the solution
of problems of stability, bearing capscity active and passive
pressures etc.,, and which can form the currency of exchange of

information about soil properties,

5.6;1 Criter f Yield un C x S )

Any criterion must be such that hydrostatic stress has no
influence on yielding; yield must also be independent of'tha
directions of the areas chosen to define the system because the
material is assumed isotopic and yielding will be related to the
intensity of stress. Therefore yielding must be a function of the

inveriants of the stresa tensor which are invarignt to transfor-
mation of co-ordinates. Moreover if yielding is to be unaffected
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by the hydrostatic stress o = 1,/3, then it depends only on
the deviatoric or reduced stress components. This means that

the criterion ofvyield must be a function of 12 snd 13.

It is also assumed that there is no Bsuschinger effect;
put mathemstically thgt‘moand that 1f o3y csuse ylelding - o3 3
will cause yielding also. 'The invariant 13 will change sign if
2ll the stresses are reversed and it follows that the function

must be an even function of 13.

‘This is as faor s we can go mathematically in dedueing
an yield criterion from the assumption made sbout the ideal
plastic materisl. Appeal must now be made to experiment and
convenience, but some clarificstion follows if the geometrical

form of the deviatoric stress components is considered,

A hydrostatic stress state implies the equality of all
principsl stresses or oy = 0, = 03. Hence its locus in principsl
stress spacCe iz said to be given by a line called the hydrostatic
sxis that pass through the origin end makes equal angles of
coa"(#%) = 54%44" with each of the three principal stress

reference axes,

Since failure csnnot be induced by hydrostatic pressures,
the yield surface may not intersect the hydrostetic axis for

positive (compressive) stresses,

It is convenient at this point to introduce the principal
stress space on auxiliary plane perpendiculer to the hydrostatic
axis, We shall provide for the transformation of stresses from

the principsl stress system to a Gys Oys Oy 8ystem wherein o,
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axis coincides with the hydrostatic axis and the other two
stresses lie in the auxiliasry plaho. The correspondence between
the systems with corresponding direction cosines is shown,
An%her representation "sighting" along the hydrostatic axis so
that the auxiliary plane is in the plane of the paper is also

shown,
Jf\ T3
Ty 0, l\jdfos\'ol:c.
C\L;o - 0"‘
L .
=% Tx
as’
& ;0‘,
K = Cos™' —J:j 02
. 54° 44’
7
£(9.5.3 .

_ r -

[ox % 7 9=
Y| = ‘713 "713 \g: o2
LR B - At
whence
| - ,IL;?;'L

(o - 63) + (03 - 03)
=
AR
13

.

O"'y =

d'; -
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The resultant streas O = /G; * u;?

- % /(o"-crj)zav (oy=03)% e (0-2-0'3)2

and the angle © 4is given by

| g log-0y) ¢+ {y-0)
Clearly, the above equations indicate that the auxiliary plane is
en octahedrsl plane the equation of which is 03+a§+03 = constant,

Becaus® all points in the plane represent devistional state

of stress, the plane is cslled a deviatoric plans.

It is evident that an incresse in pore water pressure (of
the hydrostatic component of stress) will move @ point along the

hydrostatif exis o7 but will lesve the stresses in the devia-

z
toric plane (a,, a;) unchanged. Thus all stresses represented by
points in the deviatoric plane may be considered to be effective

stresaes,

A point on the failure locus represents fhe stress state
at incipient failure, while a2 point completely within the failure
locus corresponds to a stable condition, In as much as the
deviatoric component is seen to determine the prioximity of
failuré, i€ gppears that s functionsl relationship for a failure
eriterion that contains principal stress difference has much to
recommend it, Such a function may be written as

floy - o op - 93 73 - 03) = 0

As there is no preference associated with the principal
stress differences, the failure locus should display symmetry
about all projectinns of positive and negative principal stress



axes in the deviatoric plane i.e., the shape of the surface in
each 60° segment such as - o, 0' oy should be repested around
the plane. Thus it is necessary to investigste the nature of the

yield surface in only one aegment,

5.6.2 Perhaps the simplest form of yield surface thst satisfies
the functional relationships discussed sbove is the one advanced
by TRESCA (87) in 1868, It assumes that failure occurs for a
given materisl when the maximum shear stress equals s critical
constant value, i.e., ylelding occurs when the maximum shear
atrcsa'in the material equals the meximum shear stress at the

yield point in simple tension,

The maximum shear stress in a meterial under some general
state of stress (o > oy >'o§) is (o; - 03)/2 and the maximum
shear in the tension test is equal to half the normsl stress
d}plz. The copdition for yielding is thus given as (03~03) = Type
It is a direct consequence of Coulomb's theory for s friction-
less material. The maximum shesr stress theory (Coulomb theory)
has been extended by Navier to account for pressures normsl to
the failure plane, and is known as the Coulomb-Navier theory. The
concept of maximum shear stress to explain a fracture type failure

in a cohesive soil appears in the work of Collins,

In its most useful form the theory may be ststed as follows
oy - 0
’Z - -.—L—a-l. - eonet.
o
In uniaxial tension o0y = 05, Oy =03 =0, TP = -2
In uniaxial compression oy = 03 = 0, 03 = =0, thus

T --%/2

max

92
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. yield criterion requires that T, . = %("'1“"2) .—g_—

The above expression requires thet the yield stress of the
material in either simple tension or éompression must be equal
and the "slip lines" which appesr at the onset on plastic flow'
should be inclined at an angle 45° with respect to the directions
of the principsl stresses 03 gnd T3 i.e., coincident with the

q_.{re_ctions of meximum shearing stress,

The coridition of flow does not contain the intermediate
principal stress 0, which can have any value between o >0,> 03
The flow condition in its most genaral form may be expressed by .

three equations,

oy - 03 =% 03 0y - Oy =% 05 03 - 0=t Oy

where o;p is the abscluté value of yleld stress in tension or
. compression, Thus the surface of yielding corresponding to the
maximum shear stross_theory.conaists of three sets of parallel
planes which define a straight hexagonsl prism in oy, o3, oy
space whose axis coincides with the space diegonal ¢ = 03 = o3
i.e, in the positive quadrant of axes, Cross section of the

prism sre regulsr hexagons (Fig. 5.4).

934
032 02 207 T3>0 >0y

Tresca hexagon

AN (foilure tocus)

N12 0320

V2203204

0g ~ o,

Figure .— 5.4
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5.6.3 Another simple functiocnsl form for the yield.surface is

variously attributed to Huber, Hencky and Yon Mises (53).

This theory states that plastic yielding begins when the
strain eneréy of distortion given by ﬁb;

Uy = L | (07 - o7 ¢ (o 0302 (g )7 |
reaches a criticsl value, For a materisl with s pronounced yield

point in simple tension we have 0y = o, and o, =03 - 0.

‘ Typ yp
Substitution into the above formula gives

1 +4 2
Thus the condition of yielding based on the distortion energy
theory is '
)2 )2

(07 - 03)% ¢ (03 = 032 + (03 - 03)% « 2oy )2

A useful form of the theory is obtained by considering the octa-
hedral shearing stress, An octshedral plane is obtained by

passing a plane through the unit points on the principal axes,

Thus 1t.is normal to a space disgonal in o,, 03, o3 space,

The normal 6etahedr¢1 stress
1 ‘ :
Ooet, = 30y + 03 + 03) = 1,
where I, is the first stress invariant,

The octahedral shesring stress is

1/2
tot:t - % [:(a"] - 0.2)2 * (0'2 - 6.3)2 + (°'3 - 0'1)"51

Thus N oep)® = 2005 )2

and hence
C - —iz: o



This equation is thus a statement of the maximum energy
of distortion theory. The theory further shows that at the
plastic 1limit the octshedral shearing stress in the material is
cbnatant, which depends on the yield point of the materisl in
simple tension or compression. The yield stresses in simple

tension and compression are thus sasumed to be equal,

The yielding surface defined by this theory is a straight
circular cylinder whose axis coincide with the sm ce disgonal
Of =0, = 03, Since planes normal to the axis of cylinder are
octahedral plenes, the radius of the cylinder equals the octahedral
ahear;ng stress., The radius of the cylinder is therefore -35%;-"99
5.6.4 The fellure theory proposed by Mohr (56) followed the
earlier work of Coulomb and Navier which considered the state of
failure as a shear failure., As it turns out, both the Coulomb-
Navier theory and the extended maximum shear stress theory are

special cases of the Mohr's theory,

The theory, which considers failure by both yielding and
fracture (assuming slippage as a mode of failure), provides a
functional relationship between normel and shesr stresses on the

failure plane i.e¢.,

C = flo)
where C = shear stress along the fsilure plane

o~ = normal strass across the failure plane,

From the two parameters nature of the theory, the curve
defined by this functional relstionship may be plotted on T ,0o
plane., Since changing the sign of T merely chenges the direction



of failure but not the condition for it, the curve must be
symmetrical about the ¢ axis., The curve so obtained, which is
termed the Mohr rupture envelope, represents the locus of all
points defining the limiting values of both components of stress

( T end 6°) in the slip planes under the different state of stress
'63, s O3 to which the materisal may be subjected. The Mohr
envelop thus reflects o property of the material which is indepen-
| dent of the stresses 1m§oaed on the material. The thooryAis
attractive for use in studying the shear strength of soils since
there is no requirement that the material obey Hooke's law or that
Poisson's ratio be constant; also the strength and stiffness of

the materisl in tension and compression need not be equal.

Mohr's hypothesié states that feilure depends upon the
styeaaes on the slip planes and failure will take place Qhon the
obliquity of the resultant stress exceeds a certein maximum value.
It is also stated that "the elastic limit and the ultimate
strength of materials are dependent on the stresses acting on the

slip plenes”.

The Mohr representation of stresses acting on the three
principal planes sre shown in Figure 5.5 , Stresses on eny plane

within the body must lie within the shaded area,

The slope of the line joining the origin and point A gives
the obliquity of stress, The msximum inclination of stress will
be given by the tangents to the largest circle. Feilure occurs
on planes where stresses are represented by points B and C, These
stresses act on planes which sre parsllel to the diagmeter of the

intermediagte principal stress, Therefore the dismeter of the
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largest Mohr circle and the magnitude of the stresses at points

B and C are independent of the intermediate principsl stress, 0%

With the assumption that o3 is the intermediate principal
stress, the limiting state of stress will be of diameter (03-03)
and the centred (a3¢03)/2 along the o~ axis, taking due
account of the algebraic sign of the stresses., Since the two
pardlel sets of slip planes which occur where sn isotropic speci-
.men has been stressed slightly beyond plastic yielding by a state

of homogeneous stress are symmetrically inclined with respect to

Alqs,T)

Figure-5-5. Properties of a Straight Line Mohr Ruplure Envelope

the directions in which the major and minor principal stresses
act, and the two plane systems intersect each other along the
direction in which the intermediate principal stress acts, Mohr
assumed that the intermediate principal stress is without
influence on the failure of a materisl. Accordingly, some point
on theperimeter of the circle of diameter (01-03) must represent
the limiting stress conditions, The theory thus affords a method
of devising a failure theory for a specific materisl, 1.e.,

establishing its Mohr rupture envelope, from actual test results,



In practice, o sories of similar specimons is subjoctod
to diffcront stroosos ond brought to failuro. The vorious [lohr
stross circles are plottod for the limiting stetos of stross, and
the unique failure streos on the foilure plane for cach test is
teken as the point of ¢ommon tangency betqeen e sﬁooth limiting
curve, or envelope, and the various (03-03) eircles, By taoking
the points of common tengency as roprosentative of the o7 T
ptresses on the failure plane, o state of homogencous stress in
an igsotropic material is acsumod. Duo to experimentsl short-
comings however, one may not necessarily obtain o stete of homo-
goneous stress and thus the inferred strosses et the point of
common tangency for the onvelope, obtained experimeontally, will
not in 211 likelihood represent'tho actuol strosses on the failuro
plane., It follows thot the prodicted location of the failure
plane based on the common tengency points might be in orror. The
- possible discrepancy betweon the actual Mohr rupture onvelope and

~ an experimentally obteined envelope is shown in Figurc 5.6.

Envelope drawn

longent to
/ . / experimental curves
P . ——
C Lf Direction & / ,”//
A N Pt \
e, /4_ — of foilure - ot 7,521 (a)

plane Mohr rupture

envelope

Far lure plane
predecied from
POI/I? Of tanqgenr y

/ 8g

Erperimentul
Stress circie

~—

Figure =5 & Mohr's Falure Theory Plotted in the 1.0 Plane



Actual Mohr rupture envelopes are often curves, However,
for soils the curvature is ususlly not great snd it has proved
useful to approximaste the envelope by a str aight line, at lesst
over g limited range of normal pressure. The equation of e

straight line in the 'C, o--plene is the Coulomb's equation

«SeC+o tan §

7)

ot o,
9T 9%
5 sm¢>

B / d
S ot '73 ‘__‘_;#ﬁ_ A

Notes 1.« & wyare hmsting effective stresses at failure
2 ¢ mpiessive stresses considered positiveimderving &q: {a-42)

Figure-5-7. Mohr Representation of Stresses in Three- Dimensional System
.

OO
From the Figure 5.7, R « -1-—3.Ceos¢+ (...1.._3.) sing (1)

The parameters C and @ refer to the cohesion and "angle of
;nternal friction" of the soil. These shear strength parameters

have been subject of much research.

~ The equation (1) may be manipuleted in many ways to state
the failure criterion in various forms., By adding o3 sin @ to .
both sides of Eqn, and rearranging we gst
| %(o",—o-j)(‘l-ain #) « Ccos @+ o3 8in [/

This was used by Skempton and Bishop, gives a straight line when
%(o‘, - 6“3) is plotted against 03
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By multiplying both sides of Eqn. (1) by 2 and rearranging

terms we get,
03(1 - ain @) « 2C cos ¢ + 0'3(1 + 8in @)

which gives strsight lines when o3 1s plotted sgoinst 3. This
equation haes been used ss & plotting method by Rendulic and more
recently by Henkel.

Expressed in its most general form the failure surface

corresponding to the Mohr.Coulomb condition of failure is
[}aq - 03)2 - (2C cos ¢ + {0y + 03) sin ¢)2 ]
x ,[(0"2 - 0"3)2.- (2C cos @ (o3 + 0’5) sin ¢)2]

X \:(cr:* - a-,).z - {2C cos g » (o + 0y) sin ¢)2] =0

The failure surface defined by this equation is a pyramid
with the space diagonal 03 =03 = 03 as axis and a cross-section
which is an irregular hexagon with non-parallel sides of equel
length, The projection of this irregular hexagon 6n the plane

oy + 0, + 63 « const, is shown in Fig. 5.8.

5.7 The theories of Trescs and Von Mises may be extended to
include the effect of the intermediate principal stress. Thus
the extended Tresca condition can be represented by the three

dimensional equation:
13 - 302 = [0+ Eey + 5+ 331] |
oy -2 -[e e o v iy e 3]
oy -2 B g )] ] o
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where o= (0°- u) i.e., effective stress,
K, = constant related to sin ¢

C = effective cohesion

Following a similsr development from the two dimensional case,
the extended Von Mises condition is represented by the three

dimensional equation

——

—. 12 — = 1R — - 18
(O" - 6.2) + (0-2 - 3) * (6.3 “‘G‘i)

where K, 1s constant related to sin ¢

C « effeoctive cohesion

The shape of the right section of the three dimensionsl

failure surfaces in o7y, 02 O3 co-ordinagtes is shown in Figuref§8

The shape of the section corresponding to the Mohr-Coulomb
condition of failure is en irregular hexagon AC' BA' CB' end the
surface im space is a hexagon pyramid with its spex at the origin

of the system of co-ordinates,

a2

Iotenged vor Mises

B Extenced Tresca

-~
-~

_Mohr=-Coulom ¥

Projection
on plane
g oyt ey rconst

Figure 58 . Failure Surfic s—Mokr < ulomb and Extendid Yield Critocia
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The surface given by the extended Iresca condition is a
hexagonal pyramid snd has its apex at the origin and its axis
dlong the space diasgonal. Right sections ofthe surface are
regular hexagons and coincide with the Mohr-Coulomb surfaces st
A, B and C,

The extended Von Mises condition gives a fsilure surface
reprosanted by a cone with its apex at the origin and its axis
lying along the space diagonal. Right sections of the surfaces
are circles and coincide with the Mohr-Coulomb surface acting

through major principsl stress directions et A, B and C,

5.8 RECENT INVESTIGATIONS IN STRENGTH THEORIES

' The proposal by Jennings and Kirchmen (38) to replace the
current Mohr-coulomb theory with a modified form of the extended

Von Mises theory requires two assumptiona:
1. The elastic Modulus E is s linear function of the mean

principal stress. O in the material.

2, Yielding taekes place in materisl when the energy of
distortion reaches a critical value which is constant for the

material,

Then the criticsl strain energy eqn. is

6w
"oy - )P e (- )? e

(o3 - o
6w
Stk AL RE PR R

where a and b are constants,

With this theory, experiments with s mixture of Kolin and



e ¢
¥

© 103

sand showed a good agreement between friction angles measured on

the rupture envelope and on the failure plane.

The very substsntisl difference in result obtsined by
various investigators emphasises the difficulties encountered in
performing triaxigl extension tests, The theory by Jennings and
Kirchman has not been tested sufficiently to warrant general
application,

5.9 Assuming time dependence, sizeiéffects relative to
continuity, homogeneous and isotropy we have presented so far the
verious failure criteria which define the staticsl determinscy of
the complex state of stress, Thus it is now left for us to deter-
mine which of thése could be applied to soils. To define the

statical determinacy there sre two approaches possible.

(1) To arbitrarily accept one of the above discussed
failure criteris to be applicsble to soils and then to obtain
from simple lab. tests consistent numericsl values of parameters

of the soil 4in accordance with the chosen criterts,

(2) To subject the soil specimens to known states of
loading, verying the loading, Determine the boundsry loadings at
which failure takes place or yield will just impend. Correlation
and analysis of dsta so obtained to establish failure criteria.

It would be optimistic io expect that in both approaches
the invarient nature of yleld criterion should prevail, snd with
experiments under the simple conditions which can be realised
in the laboratory, we should be able to define the behaviour of

soils under complex field situations, This necessitates addtionsl
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stipulation to ensure the inveriance of an yield criterion,

These are matters that have long taxed workers in soil mechanics
and even at present sre not completely understood, To overcome
this difficulty i.e., to provide correspondence, the soil specimen
under study should be a; representative as possible of the soil |

| 1ﬂ the fieid end the test should be conducted under the same
hysteresis and drainage conditions as is actuallytound in the
field, Every effort should be made to preserve the degree and
distribution of density, moisture content and consolidation

characteristics pf the soil,

The verious tests to determine the strength parsmeters are

discussed separately.

5,11 For discussion of the applicability of any of the failure
iciiterie discus&oﬂ alreedy the test data of Kirkpatrick (39) with
hollow cylinder test is excellent. The experiments using the
hollow cylinder conducted by Wu, Loh and Malvern in 1963 (93)
further support the data of Kirkﬁatrik. The yield surface
obtéined by these test datas are ahown to éoerSpond to values

: obtéincd from standsrd triaxisl tests and the Mohr-Coulomb
criterion, |

Figure 5.9 showa'the results obtained by Wu ey al.

'

Clay




Bgaed on the experimental data, several modificstions to

105

the three existing yleld criteris hasve been suggested, These are

shown 1n Figure 5,10,

r—Extended vcnMises
| - Extendea Tresca

hr- Coulumb

)

* Coeman's Invariont Equdtion:
fe2 As 312 .
» ‘3[\2‘{3/1 +(——21)‘/} sin? ¢
By=Second invariant of stress deviator

. A= Third invariant of stress deviotor
Jy = First invariont of stress

Plane

F/gure ;‘15."0‘ Yield Criteria Suggesféd for Soits P/ott‘ed on an Jctahedre:

Newmarks (58) and Kirkpatrick (39) suggest a slightly
rounded shape for the yield surface, following quite closely the
outline of the Mohr-Coulomb criterion, which would thus become a
three parameter criterion, Haythornthwaite (31) suggests 8
triangular section as the limiting shape which still satisfies
the condition of convexity of the yield surface required by
plestic theory. Coleman (21) suggests a yield surface that
1ncorpmratoa three stress invarisnts, However the yield surface
is not entirely convex and thus fails to satisfy strain

conditions if the material were to behave plasticslly.
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All hellow cylinders test results are seen to deviate
but slightly from the yield surface predicted by the Mohr-Coulomb
thaory .

AW, Bishop (7) 4n his sixth Rankine lecture "On strength
_of 80ils as engineering materials" has stated that the experi.
'mentél}reaults strongly supported Mohr-Couloﬁb criterie, hence
concluded that Mohr-Coulomb criteria as the ai@plo criteria of
reasopébie generaslity applicable to soils.

However some experts in the field are not very happy about

this recommendation,

Hénkel, Roscoe et al., have established certain criteria
based on the experimental results on wesld clay in a triaxial

spparatus, These are discussed separately in Chapter 7,



107

6 STRENGTH THRORIES . STRENGTH PARAMETERS

6.1 Strength theory can be classified into two types of

researches:

(1) Macroscopic researches on the mechanical behgviour of

clay mass in relation with various external factors and strength.

(11) Microscopic resesrches on the behaviour of adsorptive

film and structursl skeleton of clay.

The former have besn developed by Terseghi, Caaagrande,:
Taylor, Rendulic, Hutledge, Hvorslev, Skempton, Bjerrum, Bishop,
" Henkel, Whitemsn, etc., the latter by Lamb and Rosenquist.

| Macfoscopic rules constitute necessary and sufficient
condition when spplied in stability calculation of slope, earth
pressure, bearing cgpacity and others, while thevnicroscopic
physico-chemical rules constitute merelf the background of macro-
scopic rules, |

6.2 As such strength theories have been developed by macro-
scopic researches to set up stability analysis, the form of
Coulomdbs strength formula S « C + o tan ¢ ohéll be the first
aim to be reached which have been the basis of all calculation
methods since a long time ago, such a8 earth pressure calculation
by Coulomd snd Renkine, slope stability analysis by slip circle
method and bearing capacity calculation by Terzaghi (85),
Meycroft (51) and others, 1In other words the value of C and ¢

are the focl of discussion.
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The practical conclusion will be expressed that the
"velues of C and # will be obtained by shear test with seme
stress hysteresis and drainage condition a8 in field of which

genersl trends are shown in Fig, 6.1,

Normaliy
- Consulidoted soil - -

S Gecniensoado bea

Ui Consolidated
3 Undrained
A

= >

Normai effect. e, or consoiation, siress

(a)

| Normailv
Overconsolidoted - wta—— Sonsoudate d soi{ ——
soil

i7 * Undroined

Thear strengthk

¥

N.rmal effect v e, ur wnsshidaton, stress -

(b

Drained

- Querconscidoted
SOk

Shear strengih

Normal effective;. or co:vsolidaﬁon; stress
@) = '

Frgure -6 Componson of strengths obtamed in consolidated undrained.,
undrained, and dramed tests.

However it will not be easily agreed to ¢all C and ¢ determined
in each case as cohesion and angle of internal friction

.rospectively.
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It ses:s unreasonsble that the shear strength of ssme clay
can be differently divided depending on different points of view
into cohesion and internsl friction., In some ceses strength of
clay turns to cohesion only, or angle of internsl friction only,
and in other cases partly to cohesion and internal friction.

This feeling is natursl snd thought to bﬁkhe starting point of
most researches,

6.3 Moit of the research workers have agreed to cgll various
combinations of C and §§ as apperent cohesion and apparent angle
of internal friction respectively under corresponding drainasge
conditionse and on the other hand to csll C, and §q ¥hich are
thought constant and proper to a giveht cley under a given condition
88 true cohaéion and true angle of internsl friction, on the

. aéaﬁmption‘that shear strength of clay can be divided into

comtani cohesion C o 2nd & constant frictionsl resiataueo o 'tan @ o
where o°' denotes effective normel stress working on shear

plane of failure. These theories csn be summarized as follows:

(1) Taylor (84), Casagrande snd Wilson (18), assume that
§4 at drained shear test is the true angle of internal friction.
Therefore true cchesion becomes zero and the shear strength is
consibkred to be replaced by frictional resistance only
-Ct = tan ¢do

(11) Rutledge (68) assumes that shear strength of clay may
be considered to be caused by cohesivn only, because he has found
# linear relation between void ratio e and log Ty st shear
failure of normally consolidated clays regsrdless of type of test.
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(111) Xrey and Tiedemman (40) sssume that drained shear
curve render the pressure less than pre-loading pressure o; nay
be repiaéed by straight line and this line will give cochesion C

and the angle of internsl friction ¢ of clay considered under on

(1v) Hvorslev assumed that shear strength of elay 77{ will
be d'etminod Qy void ratio at shear failure e, snd effective
normal etress o-' and he called cohesion determined by ¢, end
angle of internal friction determined by o=' sxis as true cchesion
and true frictional resistance a;' tan=¢a.

'Cf - 00 + o' tan ¢n

This concept explains well the similsrity of hysteresis
curve of 0"~ ¢ and 0~ -T, below pre-loading pressures,

(v) Teﬂaghi (8%) Beliwes that the angle of shear plane
doiermincd by unconfined qnd triaxiel tests determine the true
angle or'incefnal friction ¢. and theresfore agrees with'-
Hvorslov's true angle of internal friction.

What will determine the strength of clay will make clear
respective charaocters of the theories,

(1) Taylor and Casagrande {in case of dreined test) ......
effective normal stress at failure, '

(41) Rutledge (in case of normally consolidated clay ......
void ratio (or moisture content) at failure.

{411) Xrey and Tiedmsunn (in case of drained atéength) “srsae
pre-loading pressurs and effective normal atress.
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{iv) Hvorslev (in all cases) ...,.. void ratio st failure

and effective normal stress.

As judged from the applicadble scopes in the parenthesis
above, only Hvorslev's theory is the generalised rule. This theory
has been widcly‘asrcod because of such generslity, trueness and
Tersaghi's sgreement,
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6.4 SHEAR STRENGTH PARAMETERS

| Theories of strength of clay had long been far away from
practical use sticking to the problem of cchesion sand frictional
force, But C'.¢' analysis has been developed for practical

method based on the principle of effective streass,

Fundamental formuladf‘thia analysis is,
-Ctﬁc".'ﬂ”' tar§¢'

or Ty =C' s (00~ u) tan @'

where - C' o effective cohesion intercept

@' « effective angle of shearing resistence
- or friction

o = Total normal strses

U = pore pressure

In terms of total stresses the equation takes the form

where Cu = spparent cohesion

and ¢“.- apperent angle of shesring resistance
or friction,
The defintion and the basis for the expression of effective

stress parameters may bes summariszed.

®"The fact that C and ¢ vary with drain condition is all
attributable to the variation of effective stress®™ and Ct.g'
analysis has the concept that "shear strength of clay is deter-
mined by effective normsl pressure on shear plano at failure.

The effective stress parsmeters defined sbove are not
unique. The most important factors which affect them are (1) void
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ratio at failure, (2) stress history, (3) structurs., The effec-
tive stress parameters can be determined by e consolidated
undrained test with pore pressurs measurement or a drained test

in the triaxial or a direct shear machine,

For normally consolidated c¢lays the envelope is a straight
line passing through the origin and C' « 0, 7This shows that for
clays which are consolidated from a slurry the shear strength does .
not depend on water content but only on the effective stress, For
'ovcr consolidated ¢lays the intercept gives the vslue of C', For
some clays the value of @' is not affected by structure, and it
has the same ialue for remculded and undisturbed atsges and is
not influenced by the manner of consolidation isotropic or
unisotropi¢. But the evidence of Hirsohfied ss reported by‘
Whitemsn (90) shows that @' détermined f{rom undrained tests is
sffected by remoulding.

The strength envelops determined from consolidated
undrained and drained tests are practically the ssme for normally
consolidated clays, provided comparable rates of testing are used,
Simons (75) has however reported difference in results between
drained and undrained strengths.

The effective stress parsmeters do not take into account
the effect of over consolidation and differsnt vales are obtsined

for differsnt values of over consolidstion ratios.

While the shear strength parameters defined by the three
typss of shear test according to drainsge and loading condition
in the field are very well suited for practical use in Engineering



“ L,J

114

problems, the fundamentsl strangth property of soils sre scme-
times studied in terms of Hvorslev strength parameters,

6.5 Hvorslev carried out investigation on the variation of
shear strength of soil at a constant void ratio at failure
assuming the structure to be ssme, He has defined more funds-
mental parameters as follows

_Cfﬁco"w"t&nQO

where C_ is the "true cohesion” corresponding to void ratio at
failure and ¢. is the "true angle of shear resistance”.

€, has been found to be function of void ratio and Pe 0

change on;y slightly witn void ratio.

Where c. = true coheaion and defined by

4 Z”
and ¢. = true angle of shearing resistance defined as

the rate of incresse of strength with effective normal stress as

constant water content,

a5y g
Actually ¢‘ decreases slightly with the incresse of moisture
content, At any water content W, the true cohesion is directly
proportional to the equivalent consolidation pressurs o'

c. . 4 %'
where K = Hvorslev coefficient of cohesion and o,' is the pressure
on virgin consolidation curve at void rstio corresponding to the
water content at fallure., Therefore the equation can be written
as Cg =Ko, e o' tan ¢° .
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The true cohesion plotted against water content gives a
unique straight line 1hdeyondent of the initial water content,
stress history or method of test. Instead of the water content,

p = Effective overburden pressure
p = Pre-consalidution pressure

Ce

True cohesion

|

{

s |
1

p A

e
Egu ivalent consolidation pressure (ag)

Figure . 6 3.

'the equivalent consolidetion pressure cen bde used, In this case
the curve of true cohesion plotted against equivalent consolids-
tion pressure is a straight line passing through the origin,

This however is true only for c¢lay eonsolideted from s high
initisl water content below the liquid limit,. Bjerrum (10) has
‘found that C_ « Go + K o' where Co is the initial c¢ohesion
for sero consclidation pressure., Deviation from this relastion
has begen observed by Bjerrum and Wu (13) in the case of Lila Edet
clay., There is s sudden reduction in true cohesion for decreasing
water content 4n the range of the pre-consolidation stress. This
observation hgs been explained as the threshold effect of rigid
bonds between particles which ure‘auscepeibla to bresk down for
pressures excesding a critical vslue. A correlation is found to

exist between threshold effect and pre-cunsolidation effect

;



Ho&

116

observed in consclidation tests,

Crawford (23) sugzests that true cohesion is due to an
equivalent "1ntr1nsic pressure” oy acting through the true angle
of internal friction ¢e |

Co = 0j tan g,

The 4intrinsic pressure is not immediately reversible but decreasses
with time. Thus true cohesion mey be tims dependent as shown by
the decresse of cohesion in the laboratory and field.

| A good correlation has been found to exist between the
true angle of internal friction and the plasticity index of soils,
The curves are different for undisturbed and remolded samples,
E -

¢

Undfsfurbed/

— Remoulded

H
[+

W
=)

o §0. . Howll V180 200
Plasticdy “index (Ip)

N Figure - 6-4.

True angle of friction ( ¢:) -

6.6 Hvorslev's parameter give a convenient link between soil
samples of different stress history, They are not so varying
as either the undrained shear strength or effective stress paras-

meters and could bs used as fundementsl parsmeters for a psrticular
clay. Ladd and Lambe (42) have suggested a method for getting

——.



the correct undrained shear strength of a soil sample (truly
undisturbed) from the results oh samples with some disturbance
making use of Hvorslev's psrameters, Noorasny and Seed (59) have
also similarly sugzested expressions meking use of these functions
to get the insitu shear strength from the results of laboratory

tests on samples.

6.7 The spplication of Hvorsley's parameters to assess the
shear strength of soil is, howevqr. more involved than applics-
tion of effective stress parameters, These require the deter-
mination of the water content or void ratio at fallure as well as
the effective stresses. The failure effective stresses and void
rstios can be found from initial conditions and nature of'atreaa
path by the use of Henkel's curves (33). These curves have becn
derived only for rnméldad soils and their applicabilit} to

undisturbed soils has not yet been proved,

Another setback with Hvordsv's parameters is their determi-
nation in triaxial tests, because of the difficulty of defining a
feilure criterion and accurate determination of the fingl void
ratio of the sample, ‘The choice of the equivalent consolidstion
pressure o,' 18 not easy becasuse of the verying initisl conditions
of the soll, The values of the parameters are hypersensitive to

sxperimental errors,

6.8 Experiments by Bjerrum and Simons (12) and Lo {50) {ndicate
that the Hvoralev parameters have widely different vslues for
different states. 7The values of ¢‘ for undisturbed soils asre
higher than those for remolded soils. Olson (60) expresses doubt



118

about this. Wu (91) has found that the true cohesion is greater
for undisturbed soils than remolded ones., Newland and Alleby {57)
have reported that clay gcquires a sensitivity as a rqsult of
consolidation and have explained the difference in undrained
strength of the conaclidated and remolded ssmples to be partly
due to the difference in the true parameters for the unconsoli-
dated and remolded stgtes. They have suggested that true
cohesion of the as consolideted sample may be higher than that of
the remolded sample. Parry (62) suggested that there may not be
such s difference in the true psrameters and the differencg may
be explained by the pore pressure developed in the different
states causing different values of effective streases. This
obaservation has been supported by the experiments of Skempton and
Sowa {81) who have found that the senpitivity c¢ould be explained
by the different pore pressure behaviour of remolded and consoli-
dated samples, It has been observed that the cohesion of &
flocculant structure exceeds thst of the dispersed structure even
at the same void ratio and thia is more true of sensitive clays,

- The separation of the shesring resistance into Hvorslev components
involves the sasumption that two different effective stresses gre
possible in a soil of the same void ratio and structue,

Different effective stresses existing in a sample at a given void
retio are associsted with different structures snd the existence
of identical structures aﬁ different effective stresses may be an
impossible condition apscially for flocculated soils - Mitchel (55).

~ Figure (6.5) explains this sspect (Scott,(72)). The curves
1 and 3 show the veriation of void ratio with effective stress for

the random and oriented states respectively, whereas curves 2, 4



and 5 for other intermediate states of structure, The ultimate

state of so0il under all testa conforms to curve 3. Large
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deformations prior to achieving maximum shear stress, will mean
that the failure curve will be near curve 3 like curve 4, If
only slight deformation occurs before failure, the failure curve
will be near furve 1, like curve 5. Thus thé structure of the
soil at feilure will be dependent on the degree of deformatien.
Thﬁrepertcd invariance of the friction Qngle for the consolidated
and remolded states by Skempton and Sowa may be due to the high
failure strein of the semples and is the case with Hvorslev's
experiments with Vienna and Little Belt clays. The consolidated
and remolded soils essentiaslly attsin the same structure at
failure on account of high failure strain, However the mpgtter

deserves further study,
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6.9 GENERALISED COMPONENTS OF SHEAR RESISTANCE

Schmertmann (69) has developed a new type of triaxisl

compression test known as cohesivn-friction-strain test or C.F.S.
test, which is intended to determine the cohesion and friction
components of the totsl shear resistance at selected values of
strain during a compression test, He found that the components
cohesion and friction are strain dependent as a result of his

experiments using C.F.3. technique,

In the C.F.S. test, the shear resistance of soll is assumed
to be made up of two components, namely D, and I.. The D,
is the dependent component of shear resistance mobilised on any
plane and at any strain ¢ . 7This component is dependent on the
effective stress on that plane according to the squation

: P .E’” (EA“}T{L a*'«—-a'»o'[o”(‘a%'g)]e
o .

where the strain ¢ the sheér resistance on that plane changes
by AT due to ac ', As there must be no change 4in btructure,
Ac ' must approsch sero., The independent component I is
defined by

I, » Ce= B¢
where Cc 4s the totsl shear resistence mobilised at ¢ on the

plane considered.

These componsnts can be obtained by one spscimen test which
is a unique adventage while testing undisturbed soils, These
components are expected to be releted to fundamentsl cohesion and

friction,



. 121

The evaluation of these components is done by obtseining
the stress strain curve, subjecting identical samples of soils
to two effective stresses., These stresses are only slightly
different in order to have essentielly the ssme structure. The
effective atresses are held constant by manuelly adjusting the
pore pressure corresponding to different values of principal
| stress difference. This gives the shear resistance mobilised at
same values of strain under two effective stresses for essen-
tislly seme structure. The practical difficulty of getting
identical specimens has been obviated by thé use of a- "curve

hopping” technique.

In the technique the induced pore pressure is varied to
maintain a constant, preselected value of & . In the figurec.¢
points a and b are obtsined during strain at oj (high), after
which the induced ybre pressure is chenged to msintsin a new
constant value of o5 (low). Points ¢ and d mey then be recorded

for this value of qu(low).

Points e—and d-may then be Pecorded £or this vaiue-of
ey—Iow)., This procedure of altering between two chosen values
of o7 permits the derivation of two stress strain curves from
one test, Values of (dj - 03)/2 and 03 are plotted to obtain
streight line relations at various strains, If we assume Mohr
- Coulomb failure‘criterion for any one strain, rewriting K o}
ss C' both C' and @' may then be obtained mathematically from

the expression

0‘1"0’3 ' - ]
| 2 = (5 "sin g7’ o3 + CHT i E')
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The lineer relationship described may be redrawn to show

(o - 03)/2 and 03 sxes thus providing ,

-1 (-a.
Friction ¢§' « sin™" (724)

Cohesion ¢' =« b ;03 n! ')

The variation of cohesion and friction psrameters with
axial compressive strains is ahowé?e&;;th the curve hopping
technique, we note that the cohesicn component generally develops
to its maximum value at s very low compressive strain, while the

friction component requires s much grester strain to reach its
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maximum value,
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Figure — 6 7 Derivation of ¢ and ¢
With Relation to Struin,
(Schmertmaonn ond Hall, 1961)

A comparison of these components with Hvorslev's pare-
meters is not possible on account of differences in feilure
strain of normslly consolidated and over-consolidated samples
and fallure criteris. But preliminary conclusions by Wu (92)

avxd

show that Qmaiﬂtan ¢e are nesrly equal.

6.10 ROWE'S STRESS DILATANCY P ARAMETERS

Rowe et al. (67) proposed stress dilatancy concept snd

introduced the inter-particle shesring parsmeters Ce ond g
This is based on the foct that during loading rearrangement of
particles takes place gnd energy corrections pave to be made to
separate the shear resistance. The values are obtained by
making use of the equation
a-;'
19 %\‘

where o,' = Major principal stress, 03' « Minor principal streas’

@
- 0-3' tanz(l.G + uzg-) + !Gf ten (45 + ‘?'2!')
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1
-9%- - Instentaonoous chango in volume of particle mass

t 4 = Chonge of major principal stross.

The volug of Cf = 0 except for onisotropicslly consoli-
doted samples ond the value of @, depends on the particuler
state of ooil. Hence the volue of §, is not unigque. The veolue
of ¢£ olco changos with pofe fluid tremendously. The values Cf
ond ¢f ore thus not fundamontal even though they constitute an
ottempt to gopsrste energy components from inter-particlo shoar

behaviour,

6.11  Lemdb {47) divides sheer resistence into three basic
componento; cohesion, dilatancy end friction. The exact separeo-
tion in terms of local contfibution from the three components is

not too diatinct, Qualitatively, this is shown in Fig, 6.8.

Lo b.ned, as medsured

St w5 o= A

Strain g

Figure - 6 8 Components of Shear Resistance (Lambe, 1960)

Cohooion 1o mobilisod ot vory small strhing ond soon
coasos to be operative, Dilotion incrosses from soro to s maxinum
valug, but aftor porticle interforence is overcomo, this component
must decrcace, thon the stress-strain curve approachos on

aoymtotic valuo, sirnc ¢ cohosion ond dilation are no longer
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important contributors to shear strength, we must conclude that

friction is responsible for the continued sheer strength of the

soil.

6.12 The stress locus techniques used by Yong and Vey(94),
which is an extension of the vector techniques used by
Casagrande and Hirschfeld (17) interprets the effective strength
parameters of normelly consolidated clays in terms of the stress
on the potential failure plane, If one defines friction as that
property in the shear stress vs, normal stress, region wherein
the shear stress incresses with the effective normal stress, and
the cohesion psrameter, C, as the parsmeter in the ssme region
where the sheer stress incresses despite a decrease in the

ef fective normal stress, the action of these parameters will be

evident from an exsmination of the stress locus,

T -25¢
=110
C=2psi

N
o~

ShoarStress 1, o

Etreitve Dtress o, by

Frgure — 69, Stress L i for o wcage Uy ( Yorg urd Ve, /90,';‘)'

Extensive tests by various taochniques has led to the

finding that cohesion and friction are dependent on strain with
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C-Res: Contribution to strength from cohesive resistance
¢~Res: Contribution ta strength-sfrom friction resistance
C-Res + & -Res =Total strength

#  $-Res= f(5,,5) -

' Toto!

Shear Stress ¢

@ Maximum friclian recistance coree w.nding
to peak effictve v rmal stress locus

Y Strain, Por Cent —— =
Frgure - 6-10. Strength FParameter Contribulions lo Jotal Strength
' (Yong and Vey, 1962)

cohesion developing at very small strain and then decreasing
while friction develops graduslly at a higher strsin. This is
also in accordance with the mechsnistic picture of clays given
by Lembe (47). Wu (94) hes explained the behaviour of clays
under various conditions of loading by mesns of s rheological
model., Bea (4) has slso found that there is a cohesion to
friction time transfer of atress, This observstion msy help to
explain the failure criterion of different soils. It is likely

thst a sensitive clay may fail et a low strain because of
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exceeding cohesion and other clays fail at higher strsin, Wwhen
the total cohesion and frictional strength is exceeded. The
above observations lead to doubts regarding the fessibility of
separating the shear resistance into the components cohesicn and

friction,

Schmidt (71) suggests a new approach which considers the
shear strength ss dependent on water content of soil and duration
of the load. It hia been‘recogniaed that many problems which are
analysed at present by strangth theoriea‘are in reality problems
in which the load deformation-time response plays an importsnt
role., The development of realistic stress-strain-time relation-
ahipa-for solls, which cen be incorporated into any mathematical
theory in one of the greatest hurdles at the moment. Konde¥ (41)
hes suggested one possible appromsch which is given in the next

article,

6.13 The explicit form of the stress-strain relationship used
herein to represent the soil response in triaxial compression is

a two constant hyperbolic equstion of the form
€

9% =% 5 +bC
in which (oy - 03) is the normal stress difference which is usually
referrei to as deviator stress, ¢ denotes the sxisl strain, a as
well as b represent function of the raste of axial strain, pre-
consolidation pressure, rebound stress and soil under consideration
which have been explicitely expressed in the article. The hyper-
bolic stress strain is such that the ultimate shear strength of

soil is contained within the formulation and appesrs in the
mathematical limit of the stress as the strain becomes excessive.
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L}
Thus it has been shown that

m - (o3-03) = %‘- Koy - o3)¢
€ > o

in which (o - 03)r is the ultimete or feilure value of the
deviator stress and K is o correlation coefficient. This has
been quentitatively demonstrated for s remoulded cohesive soil
tested in consolidated undrained triaxisl compression at various
rates of axiel strain, History effects are included in terms of
the over-consolidated ratio. The feilure relations given therein
have ﬁeen shown to degeneréte into conventional Mohr-Coulomb

failure envelope in a two dimensional stress space,

'6.14 MECHANISM OF SHEAR STRENGTH BASED ON INTER.PARTICLE FORCES

In postulating & mechaniam for Qhear strength based on
1nter‘particle forces of attraction and repulsion, Lambe (47)
lists the following forces acting between particles
F_ = force where contact is mineral to mineral

Fa = force where contact is air-minersl

F, = force where contact is water minersl or water-water
R' & electric replusiobn between particles

A' « electrical attraction between particles,

Equating the sum of the forces acting scross the potential plane
of feilure to the combined mineral stress and expressing the
equation in terms of stresses rether than forces, one obtains the
equation for the combined normal stress across the 'failure plane
o ase

%-E‘ﬁh #Paaaﬂ»anqJR-‘A

where & = effective atress between minerals derived from and
associated with Fm'
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a, - unit contact srea for mineragl-mineral

Pa' a_ » unit pressure and unit asrea directly associated

a
with Fa

a, = unit ares directly associated with F“.

R,A = unit electricel forces of replusion and attraction

respectively.

Lambe's equation represents an ideslized breakdown of the distri-
bution of stresses induced in the soil (and acting across the
potentisl sheer plane) as a result of the applied normal stresses.

It is difficult to measure any of the particular items precisely.

Measurements 6f resistence toc direct translatory shear on
clay samples of known composition, with known difference in inter-
part1CLe forces, may be used to relate shear strength to inter-
particle forces., From the relastionship, it is possible to deter-
mine the inter-particle forces responsible for shear strength and
to set up a model for thdr action. Swelling and non-swelling
clays behave differently. Swelling cleys, in which repulsion cen
be the dominaﬁt inter-particle force, retesin strength even when
wet. When non-awelling clays are wetted to the same water content,

the samples fall apart.

Shear strength incresses as net repulsion increeses., 7This
4ncrease in repulsion is accompanied by an 1ncrease in soil
suction, 8o that a greater strength would be predicted from the
effective stresses, However, this does not explain the existence
of shesr strength in a clay whers the swelling shows that a net
repulsion exists between psrticles, |

buring shear, pesrticles in the fallure plane become
oriented parallel to each other, snd any force resisting this-
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orientation should contfibute to sheer strength of remolded

bV ,
clays. Figurg suggzests how inter-psrticle repulsion can play

this role for high swelling clays.

Foilure plane

Clay particle

Figure- 6-11- Schematic Diagram fczr Model of Interacting Clay Plales with
Interparticle Repulsion Resisting Particle Rearrangement During Development
of Failure Plane (Warkentin and Yong, 1962)

- Formation of the.failure plane requires perticle movement, in
many instences one psrticle must move closer to sgnother, Inter-
particle repulsion resists this movement, accounting qualitatively
for measured strength values, It is difficult to apply this
concept qualitatively because the original particle orientation

is not known and it generslly changes as void ratio changes.
Particle orientation becomes more parasllel as the void ratio
decresses, The smount of movement required in the failure plane

cannot be specified,

The configuration at failure of soil partifles in a clasy
soil requires minimal particle interference slong the failure
plane, Thus an arrangement pargllel or ne¢sr parsllel to the
fsilure plane is favoured, The energy or force required to achieve
the parallel srrangement accounts for the major component of

strength,
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Highest shear strength is measured for flocculated clays
where attraction is the dominant inter-pasrticle force, The random
clay with net repulsion has s lower strength at the same void

retio.
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? LABORATORY DETERMINATION OF SHEAR
STRENGTH OF COHESIVE SOILS

The more common tethniques used for determining cohesive
soil atrength are
1. Compressive test -
(a) triaxial compression
(b) unconfined compression
2. Direct shear test

3. Vane test

Less common tests
1. Hollow cylinder teats
2. Cone penetration test

3. Ring shesr tests,

7.1 IRIAXIAL SHEAR TEST
In h triaxial shear test a soil specimen 1s subjected to

three principal astresses and the soil is failed in shesr by

increasing or scmetimes decressing one of the stresses,

Thg specimen is cylindrical in shape and lateral pressure
are applied by & fluid (usually water) under pressure which scts
on all sides of the specimen. To fail the specimen additional
vertical stress is applied axislly on top of the specimen., Under
these conditions the vertical axial stress is the major principal
stress and intermedigte and minor principal stresses are both
egqual to the confining fluid pressure,
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" of internal stresses during a tria xza/ shear fesz"
Fite .

Consider the equilibrium of a smsll prism of asoil of width
db. First let us find the inclination of the plane elong which

there will be the least resistance to shesring, that is the value
of the angle €,

The force normal to sn inclined plane forming the angle ©
with the horigontal is

Pn"?h ain€+Prcoae

or in the terms of unit stresses

T R oy b tan @ 8N 0 4 0y b . cos ©

T = 03,31112 9+ 03 cos?

€
- O, 4 coaze(cr - o)
3 1 3

Similerly, the force tangentisl to the plane forming the angle ©
with the horigzontal is

Pt-Prain-e-Pn cos €

b
3%;-3.«, db ein € - 03 db tan & . cos ©



- oy sin @ cos 6 ~ o3 sin 6 cos 6

- 8in 26 (o) - 03) x § (1)

In case of a purely cohesive frictionless soil the shearing
resistance along any plane will be 1ndependeﬁt of the normal
pressure o~ sgainst it snd will therefore be governed only by the
intensity of the shearing stress T along i¢. C will resch
maximum (from egn. 1) when sin 20 equals its maiimum_value of
unity, 1.e. when © = 45°

- %(ﬁg - 03)

< max

If the shearing resistance S of the soil depends on both
friction and cohesion, sliding failure will occur in sccordsnce

with the Coulomb's equation
TuSweCaso tanf

0y 8in @ Cos € - 03 8in € cos © €+ o3 tan ¢+

cos? @ oy tan ¢ - cos? @ o3 tan ¢
Solving for &3

2

ag(ain © cos © - cos® € tan ¢)'. C. o3 tan ¢ .

og(ain 6 . Co8 € - casz © =~ tan @)

Ceoyteng

2
8. tsen ¢

The plane with the least resistance to shear along it will corres-

(2)

OT'-O"}'& "
sin O cos © - cos

pond to the minimum value of 67 which can produce feilure in
accordance with the above equation, ¢ will be at s minimum
when the denominator 4n the second member of the egquation is st

a maximum 1,e, when é%‘(ain 0 con & c0329 tan ¢§) =« O.
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Differentiating, we obtain
2 2 .
cos” 6. - 8in” 6. + 2 ten ¢ cos 6. . 8in 6, « 0
or cos 20, = - tan @ sin 20,
Cot 26,, = - tan @ = cot{90 + )
em. = (45° » g)
Substituting this in the denominstor of Eqn.

tan ¢ » cot(?ﬁ - ¢) ® - cot(‘;O + ¢) = « COT 29“

s'%(tan O = OOt ec,)
We obtain '
ain 6., cos '@, - cosz‘e ten ¢
- 8in 6,, . cos 6, ~ cos? @, (:1: : §;§~§£3) %

¢os ©
er P \ i .
® 2sin 6, (s1n? Ber ¢ o8 ecr? ® "27tan o,

o Egqn, &
oy = 03 tanz(k$° ¢'g) +« 2C tan(45 4*%) - I
Ian_Q, )
, 0y = 03 tan®(45 « g)
It ¢ « O,
0‘.;.030-25

The above results can be derived from Mohr's circle also. When
the stresses in a soil mass are in accordance with eqn. II, the

soil is ssid to be in a state of plastic equilibrium.

A number of other relationships ¢an be presented by means
of the Mohr's circle which are aleady presented under a different
heading 1.e., Mohr-Coulomb fsilure criteria.
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Failure of the specimen in a triexial test is usuaslly
defined when the deviator stress or the compressive strength
(o3 - 03) or in terms of effective stresses (o' - 03') resches
maximum value, Alternagtively, the compressive strength per unit
of effective minor pfincipal stress st failure, i,e,

o' - o' o'
a5 T

at failure $8 used as a measure of ahear resistance and the failure
{s defined at the maximum value of -17~ called the effective
principal stress rastio. The maximum deviator stress (o,) ..

end the minimum principsl stress ratio ( may or may not

03' )mux
occur at the same strain and hence the sheasr strength may be

different according to the criterion of failure.

7.2 A. Casagrande {15) proposed three types of tests for
evaluating the shear resistance of clays - "ﬁuﬁck”,\"conaolidated
Quick™ and "Slow" teats, 4s the terms "Quick™ and "3low" are
relstive, and as the essential sspects of the imposed conditions
are either no drginage or full drainagé, thes§ terms have been
replaced by the terms undrajined and drained respectively and are
defined as follows,

Undr S « Tests in which no drainage of
water is permitted during the entire test. Excess pore pressures
'(cither positive or negative) will result from the spplication of
both normal and shear stresses,

Consolidated-Undrained Sheer Tests, Tests in which dreinage

is permitted and full primary consolidstion is sllowed to tsake
place under the initially applied normal stresses only, No



drainsge is permitted during the subsequent applicstions of

either normal or shear stresses.

Drpined Shaar Tests, Tests in which drainsge is permitted

during the application of both normsl snd shearing stresses, No
excess pore pressures (either positive or negative) are sgllowed

to develop at any time during the test,

¥5‘ As drsinage conditions in many practicsl problems closely
spproximate one or the other of the limiting drainage conditions
imposed by the tests described above, These tests gre widely

used to eveluate the shearing resistance of soils.

7.3 DIAGRAMATIC REPRESENTATION OF STRESS CONDITION
Since there is rsdinl symmetry in the tests, the three

dimensional stress space may be reduced to an equivalent two

Gy

Stress plane that cam
: be investigated in stondard
A triaxial apparatus . - .

Fignre =1 20 Ste Plare G Jmaxiad eoosligold e donk () 1960)



dimensional space by considering the plane passing through the
axisl stress plane equidistsnt frog the two radial stress planes

(1.0,, at 45 degrees).

The vector sum of the two radisl stresses must be plotted

along the radiasl stress axis. The space diagonal in this plot

defines 1t$ true angle with the axial stress sxis, namely coa‘1'1-~

| 3
A right section to the space diasgonsl {sn octshedral plane) ecan

be drewn by drewing a line at 90° to the space diagonal,

If the results of drained and undrained tests are plotted in
the stress plane given by the diggram, the stress patha for undrasined

;e e e

————— Water-contertcuntours
ooy drgin. 7 togts

200t B -
20C TT———S8tr. - >aths: .Jdrainec test,

e o S

| ] | i |

B 00 ¢ 40" 160 180
¥ 7 o055 G ./— m /1&2 ) 31 . T
Strem Vectors for A
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tests on normally consolidated clays and over consclidsted clays
will be shown for compression and extensinn tests as in Figures
7.3 and 7,4 respectively.

Contours of constent water content étmilér in form to the
stress psths may be constructed from drained compression snd exten-
sion tests for both normally consolidated and over consolidated
clays, Using this diasram?;gﬂﬂondulic diagrem the unique relation-
ship between the effective stress and the water content becomes

evident,

20— -

Xotes tortont contagsy T T
R S P

L 200f

T Olesy Dt LTS aped U

IO ' [
5 ;L8
Ton 2. b -

4. Stress Vectors or . - » Cnsc LS ceiors | menkel, 1960
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However the main difference between normally consoclidated and
over consolidated clays lies in the shaps of stress paths., For
the former, the stress paths for compression and extension tests
are concave towards the origin within the boundaries of the
compression and extension feilure envelopes with the stress paths
perpendicular to the hydrostatic pressure line, whereas for the
latter, the stress psths are convex towards the origin., The pore
pressure coefficient A, which is s controlling factor in the
derivation of the effoctive stress, determines the. convexity,

The grester the convexity, the more consolidated {s the soil,

The above 1llustration is the work of Henkel (32} who
continued the work of Rendulic (64) who examined the relationship
between shesring stresses, effective strosses and void ratio or
water content in sstursted cohesive soils. He has presented his
results in the form of paths in the stress plane., The data ere
glven separately for normally consolidated and over consolidated
saturated cohesive soils. The end of feilure points obtgined from
the testing prograsm were found to be independent of the stress
paths followed to fsilure and are shown for normally consolidated
end over consolidated samples of remolded weald clay respectively.

The properties of the clay were
L.L = 43% P.L =« 18% Activity = 0,6
and was initielly remolded to a.woter content of 34%, No minero-
logicsl :nalyeia is given in the paperas except the fact that the

clay is said to be esturine,

The procedure for prepsring the curves gre:

1. Sample of soil is 1st normally consolidated to an
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hydrostatic stress.

2. The totsl stress path i{s determined by the conventionsl

undrained axial compression test,

3. The pore pressures developed during the experiment is
measured and effective stress psth is determined. |

The water content can be changed by conaolidating the sample

and experiment repeated for verious water contents,

When the soil is first consolidated and sheared in a
drained test, the verticsl lines répresent total a8 well as effec-
ti#e Streaa and of course the soil volume decreases during defor-

- mation, Knowledge of the initial snd final water contents, together
with the volume of ssmple enabled Henkal to mark points on a
vertical stress paths carrespondihg to different waterIContenta of
the sample. Carrying out a humber of such drained tests enadbled

him to draw contours of constant water contents.

The same procedure was followed in the extension tests and
also in tests on soil consolidated under unequal princip@l atresses,

111 the datas gave the consistent curves,

From these curves it is claimed, the behaviour of soil in

any type of test can be predicted.

The relationships expressed hold only for incressing
stresses because of the irreversible effect on soil structure. The

effect of shear stress reversal was not studied,

The curves drawn apply only to the batch ofltho soil used by
Henkel, the conditions under which it was remoclded, the time of



otorano, tho techniquo of gpocimen preperstion, tho time sllowed

for congolidetion and rebound, the moximum ¢onsolidotion proosuro,
tho rate of strossing ond temperatures of the difforont stoges of
the investigetion, The liot moy not bo complete but indicate the

comploxity of such o study.

Howvevor guch s diagrem therefore gives s graphic represen-
tation of the sptress oystem during the ontire test, not only at
the follure conditions, and is of grcot value when gonersl

correlstions are sought,

7.4 Another method for depicting graphically the stress

conditions durirg shesr tests is the "vector" curve proposed by

Vector curve
(total stresses)

Yector curve
{effective stresses)

»

Effective stress

circles

Shear stress, «

~
~ Totol stress

Nurmol strets, -

]
! Induced
- —I EXCESS pOre v
pressure, u

Figure_ 1.5 Dennition of Veetor curves.

Cacogrando (19) end tilson, Thé procodure involves draming tho
offoctivo and total otroos circles aos the tost procecods on the
conventional Hohr diagrom, snd droving o locus through tho pointo
on thoge circlos roproesenting the stotes of stroecs on the ultimate

failure planac.
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These loci are the vector curves for the effective and
total stresses, respectively and show graphicslly the varigtion
of effective normsl stress and shear stress snd of totasl normal
stress and shear stress on the ultimate failure plane. The
horizontal distance between the two vector curves is the excess
pore pressure v develpped as 8 result of the applicetion of
shesr stresses. While this repreaantation is useful for certain
purposes, it is limited by the fact that it is a two-dtmensionﬁl,
| representation and by the fact that it is neceasary to assume the
direction of the ultimate failure plsne and the latter prbcodurev

¢on lead to serious errors.

7.5 For any one cohesive soil, sither the void ratio or the
structure of the soil, or dboth, chenge during the shesring pfocesa
and void ratio, of course, varies with the effective stress under

hydrostatic stresses.

If shear stress, effective stress snd void ratio asre
determined at failure, a fsilure surface uigl bo*grfined in space
uch o Study
for the remolded weald clay used by Hankalﬂhaa been carried out

by Roscos, Scofield and Wroth (65),

With the limitations to compressive tests in the triaxisl
equipment and the emphssis on shearing strengths, the investi. |
gators used stress axes of mean principal effective stress
p = %(6% + 203) and principal stress difference q = (&) - 03) or
03 - 03 corrected for expansion or contraction effect. Instead
of the void ratio they took water content which 43 an equivalent
for saturated soil, The feilure surfsce is shown. The yield

surface incorporates a change in state.
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Plane of
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Volues of over. curve

Consolidation rotio

- (b) Constant wpm

Plan¢ of constant w
(undrained) tests

{¢) Constant p-plane, .

(@) Isometri
F/gu'f&- 7‘6! C

The boundary of the fesilure surfaces sre water content

vs. p in pw plane, p-o and q = O,

.It was found that the loading pathe from all teats dn the
normally consolidsted ¢lay defined the same curved surface passing
through FQR or PR'X', 1In these tests the maximum principal streas
diff erence or shearing strength, and the ultimate stress difference
or ultimate strength were the same. The soil thus exhibits a
stable stress vs, displacement characteristic of the type shown,
The foilure and ultimate conditions in this case both plot along a
single curve in the stress woid ratio space which the investgators

call the line of critical void ratio (SVR), The CVR line may be



assumed to be one on which no further structural or void ratio

change occurs in the soil on continued shearing,

In an undrained tést on en over-consolidated soil saﬁple
which is at equilibdbrium gt the water content of the plane and the
mean effective stress at point K in Fig., 7.5, the spplied stress
path will begin-at K and end at Q, Since Q is on the CVR line,
the loading path will also end at Q and therefore in this test the
ultimate excess pore pressure will be zero, In a drained test
beginning st point K, the aspplied stress and losding paths will
also end at Q and sample will suffer no net water content change
during the test, The projection of the CVR line on PW plane
differs from normal consolidation curve by a constant water

Ond ho Ta Aioes of He Powr K '
differenceifrom the projected CVR line on this plane. This rurve
is called the critical over consolidstion ratio line.

Were shear tests to be carried out in which mean effective
principsl stress remained constent the criticel over consolidetion

1line would be coincident with the CVR line,

Void ratio or waoter content =

P=4(@ + 55+

Figure 7.7 Re/ofionshipf of void ratio versus meon effective stress,
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- The three curves of normsl consolidation critical void
ratio snd criticsl over consolidation (for triasxial apbaratua)
projected on to the PW plgne are shown in Fig, 7.7. These
figures may be used to deduce the results of the tests, If the
initial conditions of effective stress and void ratio of e clay
sample sre such that the sppropriate point plots on the disgram
in the gsone sbove the over consolidation line, the soil will

contract on shearing,

If the iritial condition of the soil is represented by a

point below the criticsl over consolidation expansion will take

place on shearing,

The sample is studied in o three dimensional stress state
of radisl symmetry in which the radially directed spplied stress
‘48 the some over the entire cylindricsl surface. It is therefore
hot possible to investigaete the soil specimen under'gqneral
conditiona of triaxial stress with all the three principsl atraaaeﬁ
different,

To make provision for the application of vertical load snd
to parmit possible drainsge of sample during consolidations, the
s0oil cylinder is capped top and bottom by perous stones., Because
of the difference between the rigidity of the capping stones and
the so0il, the latter is not subjected to a uniform verticsl stress
over its end surfgces. In addition, radially directed shesr
stress will always be gencrated at these surfaces, while the
cylinder surfaces of the sample are subjected to normal stresses
only, it can be seen that the soil is not tested in s homogeneous
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stress stste,

Balla (3) has shown theoretically that friction on the
loading caps creates nonuniform state of stress in the triaxial
specimen. Shear Streases due to friction act radially inwards
et the ends of specimen thué causing restraint at the ends. This
- end restraint allows higher deviagtor stress to be measured than
that on the failure plane., Further work by 4eleman shows that
compressed cores asre formed dur‘ng compression of the specimen
which cause development of tensile radiasl stresses thus under-
mining the shear strength of the specimen, As both of sbove-
mentioned conditiona oppose each other, the resulting uncertainty
in determination of deviator stress on failure plane may not be

high,

The behaviour of soil under stress in such an apparatus
therefore develops as a result not only of the properties of soil
under stress, the proper subject of the experiment, but as a
consequence of the geometricsl proportions of sample and the
amount of restraint impoaéd on the deformaﬁion process by the
equipment, Thus information of details of the stress behaviour
of s soil obtained in the course of a triaxial test can be asccorded

only by qualitgtive value,

7.7 Considerable attention has been given to the nature of the

pore pressure build WP during trisxisl testing of soils.

The pore pressure measurement in s conventional triaxial
test are affected by (i) time lag (1i) non-equalisation of initially
non-uniform pore pressure and tempersture (iii) base pore pressure

measurement is unrealiasble even in conventionsl tests,



For rapidly applied totsl stress the volume of water
displaced by the deflection of the upper surface of the porous
disc due to difference between the total vertical o~ and the
pore pressure u in the measuring system snd the volume of water
entering the measuring system under a pore pressure chsnge Au
.due to compression of water and expanaion of tubing valves etc.,
must be equal end the pore pressure chsnge observed after a total

stress change A0~ must be directly proportionsal,

In the laborstory the immediate value of Ay is much

less thsn po-.

For compressible soils the time taken for the observed
pore pressure to approximste to that within the sample is negli-
gible except for transient losds, However low Compressibility
coupled with entrappgd air in the null indicator system can lesd
to very serious time lag. The lag cen be minimised by the use of
a back pressure high enough to drive sll the entrapped air into
solution and by the use of side drains of filter paper.

In undrained test the‘ extent to which equelisstion of pore
pressures occur within the semple depends on the permeability of
the sample, its dimension and rate of testing; The distribution
of pore presaure before equalisstion is difficult to calculatg
at all accurstely, but the general trend can be inferred from the

derived equations,

In the cylindrical compression test end restraint tend to
incresse slightly the major principal stress increment 405 end

reduce considerably the deviator stress increment (Aﬁ;-AG}) near
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the ends of the specimen relative to their vslues at the middle.
Both these factors will lesd to a high pore pressure at the ends
of specimen unless A exceeds unit or unless the value of A
increases fotly rapidly as (Aoy - Aﬂ}) incresses (A is a component
of the equstion Au = B[Ac-; -(1-A)(Acr; - AG'B)J.

7.8 It has been shown by Lamb thst changes in temperature lead
to marked changas in pore water pressure within undrsined samples
of saturated clays. It is thus necessary to run these tests st

a conastant temperature.

7.9 The practical significsnce of the two different criteris

of falilure 13 usually negligible, 1In a test in which the stress

- strgin curve does not become horizontal and thus not indicating
ultimete strength, the strength at 15% strain is always designated
a8 the ultimate strength,

7.10 In an isotropic soil failure is predicted by Mohr Coulomd
criterion to occur on planes at sn angle of (45 +« g) to the
major principal plesne., In practice it is observed that failure |
takes place on planes with smaller angles., If the failure
envelope is redrawn through the point corresponding to the
practical failure angle it would be slightly lower than the Mohr-
Coulomb envelop. However many soils are naturally unisotropic
and unisotropy can slso develop in the course of triaxial fest.
The angle of failure plane ias very sensitive to deviations from
isotropic conditions so that the question of correct fsilure line

is still unsettled,

7.11 RATE OF STRAIN, Before consideration is given to any other
variables, attention must be paid to the speed at which the shearing
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process is carried out, Investigations of this sre complicated
by the presence of and behaviour of the pore water in the soil.

If one estsblishes a criterion that a test should be run
sufficiently slowly so that no excess pore pressures are generated
in the pore water, the variation of shear strength alone can be

evaluated,

The results of tests have indicated that shearing strength
defined by the peak of a stfeas deformation at very low rates of
strain sey 10“’ per min, may be 15 to 20%, lower than.at rates
of about 1% per min, In general the strength is more affected by

excess pore pressure genersted during ahear;\

7.12 THE UNCONFINED TEST

The unconfined test (alsé designated as U test) is @
special case of the trisxial compression test in which a cylin-
drical specimen is failed nnder the axial compressive stress only
with zero lsteral load (o3 = 03 = 0).  The test is based on the
assumption that no moisture is lost from the specimen during the

test. Hence it is considered an undrained shear test,

The unconfined compression test is generally applicablg to
intgct saturated clays for which the apparent angle of shearing
resistance @@, = zero {or almost zero)

when o3 = 0 | ¢
o7 = 20, tan 6, = 2C, tan(i5 «+ 3?)
Putting @, =0 and 6 = 45°
o = 20y
The major principsal stress at failure in en unconfined compression

test is celled the unconfined compressive strength q, of the soil,
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qy © 26

Tho unconfincd shoor otrongth of e ooturotod eloy (¢“ e 0) may
thus bo oxuprossed ao
. ,
T =by=—3
Tho abovo rolotion can also be obtsined by drewing a Mohr circle
‘of f£ailure which paosaes through the origin of otross (63 o 0) snd

o3
hes its rsdius o -5

Sinco ¢, = 0, the fsilurc onvolopo 1s horisontal, It
touches the circle at top most point, It con bo sctuplly obsorved

!

]
— O
]
o
(o))
1=

F\"j, 78

thot tho inclinetion to tho horisontel of foilurc plonos in o
saturatod cloy oSpecimon is olwoyo groator than 45°, Although
¢, = 0, the true anglo of intornal friction ¢° is groator then

goro, IThereforc the failure onglo 8, 10 elvoyo proeotor thon 45°,

Tho unconfinod comproocion tast 1c o simplc ond quek toot.
It 1o normelly cmployod for monouring in-pitu strongth of fully
saturstod or norrly osturpstod cohcoivo coils in tho fiold, Tho
teot 48 aloo uood for studying tho decrooce in ohoor otrongth

duoc to romolding. Tho rasult may bo mislooding in enso of
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fissured clays for which the undrained shear strength may be

30 per cent below the value as measured in an undrained triaxial
test under the overburden pressure, Undrained triaxisl fests
with cell pressure exceeding the overburden pressure should be
used for testing fissured clays. The test is also misleading for
soils in which the apperent angle of shearing resistance ¢u is
not equal to‘zero, as unless the velue of ¢“ is known, the
strength envelope cannot be drawn from a test result, In view of
the above the.réaults obtained from unconfined compression tests

‘are considered as approximete,

7.13 DIRECT SHEAR TEST

In a direct shear test the plane of shear failure is
predetermined (which is horizontal), The test is ususlly carried
out in a box split in two halves. .
| . m the three types of tests based on drainage can be
conducted in this instrument., The stress conditions on a Hﬁhr

‘circle is presented,

Key

Failure plane %, Sketch
Peak-point 1 .7
' Minor
MG principal
GO ‘ plane

Os s #!”‘ {




A shear box test is simple and cen be performed relatively
rapidly as compared to a triaxisl compression test. Since a
thin sample 4s used in the test, quick drainage of pore water
i1s facilitated. The teat has however, a number of inherent

disadvantages.

(1) There is an unequal distribution of shear stresses
over the potentisl surfaces of sliding; the stress is more at the
edges and less inthe cen;re. This results in progressive failure
of the specimen i.e., the entire strength of the soil is not

mobilised simultaneously,

(11) With the progress of the test, the ares under shear
graduelly decreases,

(141) There is little control on the drainage of the soil.
Undrained tests cen be corried out only with clayexf] soils, It is
usuelly impossible to completely prevent the escepe of pore water
from saturated specimens of relatively high permesbility.

(1v) The plane of shesr fsilure is predetermined which may

not nacessarily be the weakest one,

A constant volume, direct shear test termed the Ry test,
las recently been developed by O'Neil (61) for the rapid determi-
nation of total and effective strength parameters for soils,
including cley., It is a cdnaolidated undrained test in which the
development of pore pressure during constant volume shear is
theoretically prevented by changing the vertical load on the
specimen to hold the vertical disl reasding constant, The develop-

ment of Ry test is noteworthy.
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7.14 EAR VANE TEST

A direct messurement of undrained shear strength of soft
cohesive soils can be made by a2 shear vane test, This test can
be performed on & soil sample in a lsgboratory or into the

undisturbed soil in situ st the bottom of the bore hole.

A shesr vane essentislly consists of four steel plates,
cslled vanes, waslded orthogonally to a steel rod, After pushing
the ¥ane gently into the soil, it is rotated st a uniform speed
(ususlly at 1° per minute or 0.1° per seaond) by applying a
turning moment (torque) through the stesl torque rod., The
rotation of fhe vane shears the soil along a cylindrical surface.
If the top end of the vane is embedded deep into the soil, both.
‘the top and bottom ends also pertake in shearing the soil. Let
Tp bo the unit shear strength of soil. H be the height of vane
and d the diameter of vsne, If it ia further assumed that the
| shesr resistance éf s0il develpps uniformly on the cylindrical
surface and on the top and the bottom of the sheared cylinder,

the maximum total shear resistance at failure equals
d/2
m.d.H, T4 2 2 (2n r dr)T,

where r is the radius of the sheared surface. The maximum
moment of the totsl shear resistance about the axis of torque and

equal the torque T at failure

Tan.d.H.C, -—+2§ (Zﬂrdr. Qr

Tan.T, |90, £

If only the bottom end of the vene portakes in shearing the soil
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For satursted clay o is replaced by Cy or =,

A vene shear test of a cohesive soil usually gives a
value of shear strength about 15% greater than an unconfined

compressive atrength (89),

7,15 THE LESS COMMON METHODS

The less common methods are
{a) Hollow cylinder tests
{b) Cone penetration

(¢) Ring shear test.

7.16 METHODS AVAILABLE FOR DETERMINATION OF HVORSHEV'S PARAMETERS

(2) Measurement of inclination of ruptue plene in

unconfined éompreasion test,
(b) Hvorslev's method
(¢) Bjerrums method
(d) Crawfords method

(e) Method for senaitive clays by Noorany and Seed.

These methods are reviewed by Jagdish Narain and T.S.R.
Ayyar (37).

(a) Measurement of inclinstion of rupture plane in
unconfined compression test: Terzaghi (85) showed that in en
isotropic soil, the angle between rupture plane and direction of
major principal stress 10(&5-* ¢a/2> where ¢e is the true angle
of internal friction, This has been experimentally confirmed and
makes it possible to determine ¢‘ from the inclinations of rupture

planes of soil in compression tests, This method is useful only



197

for an approximate value of @_ as (1) the value is affected by

an anisotropy of the soil affecting failure angle to be different
from(45 - ¢°/2§ (11) the deformation of soil sample affecting
the measured slope of failure plane after the test,and (1if) the
difficulty in sccurstely measuring the inclination of rupture |

plene in a failed specimen,

(b) Hvorslev's method (65)s This method can be used for
the determination of true parsmeters both for undisturbed and
remolded soils., Tests are conducted with norgally consolidated
and over-consolidated samples using identical samples. Plots
sre made of the failure water content {or void ratio) against
effective normal stress on failure plane and shear stress agsinst

the same effective stress as shown in Fig, 7.10.

farlure

P

@

af oy
.‘i ® rTShear sfrenyz‘}w Yoid ratio ul

Normal effective stress

F/gure~7-lo,‘Fri'cﬁon and cohesion components, Determinotion
Of friction ond cohesion components at comstont void ratip
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As the difference in shear strength of normally consoli-
dated end over consolideted samples st thesame water content at
failure is due to the difference in effective stress, the true
angle of internel friction and true cohesion cen be found out,
Hvorslev originally used dreined direct shear tests, Triaxisl
shear tests ¢an also be used. In this case it is preferable to
use a drained or consolidated undrasined tost with pore pressure

measurement., From Mohr's theory, it cen be seen that

(oy =~ 03) cos § sin ¢
1 - ' '
3 Co ""'1-3"1'::""%'; M N ain"ga'a
where (o} - o§)£ is the principsl stress difference st failure
and 63' of fective minor principal stress at failure. This equation
can be msde non-dimensionsl by using the equivalent consolidation

pressure o'

(o7 - o3)¢ C_ cos ¢ oy’ sin ¢
20, o) T-sing * o, 1-8ing

If & plot is made of (o} - 0'3)1./:%..e against dé'/d;' a straight
line is obtained as shown in Fig, 7-1|

(o5-035)
Rog

o

Figure- 7-11.
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Co and ¢e cen then be calculated., The samples used should
be identical and uniform, Since this method uses the difference
in shear strength betwoen a normelly consolidated and over
consolidsted sample, only highly plastic clays give good results.
The determination of these parsmeters has been simplfied by the
use of a direct shesr test apparatus with s device for meintaining

constant specimen thickness during shear,

(¢} Bjerrum's (10) method: This method uses the fact that
¢lays consolidated from different initisl water contenta give two

- High nitial
§ High water content
g
L Low jnitial
‘g 2 “Waler content
W
LS
2
&
Shear stress (T;) Log scale
(2) S
<
@
Yo . ‘
AN e Low initial watep-eontent
3 High initial water conte
a8 Ce R

Effective normal stress v;’

/yagjfe; 7-12.Defermination of Hvorslevs parameters.

different consolidation curves snd hove different shear strengths
for the same failure water content, Drained direct shear tests
were used originslly. It is also spplicable to use triaxial tests

drained or consolidated undreined as in the previous method, Water



content-shear strength and shear strength-effective stress diagrams
can be drawn for the two sets of damples consolidated from two
different initial water contents, By comparing the shear strength
of samples for the same failure water content, the true angle of
"internal friction and true cohesion can be found., The accuracy

is very high for plastic soils which can be remoulded and placed
without air bubbles at a wide range of water content,

(d) Cfauford's method: - Crawford has developed a simple
method of finding fundamental parameters believed to Hvorslev's
parameters, This is based on a series of experiments on Leds
clay in which the computed angle of shesring resistence ¢!
increased with straig. In this soil which wes normally consoli-
dated, the aﬁplication of the laest 10% deviator stress altered
@' by as much as 15°, The method of computetion is as follows,
It is assumed that the maximum principal stress difference is
comsidered to represent fsilure and C' « 0, For example, when
one half of the maximum principal stress difference is applied,
50% of the true frictional resistsnce is mobilised, Tan ¢'
is thus twice the ratio of the principal stress differsnce to the
normsl stress at this stage of loading. This procedwe is
computed for various values of principal stress difference and
can be plotted as shown in Fig. 7/3 It is found that the value
@' is constant upto about half the principal stress difference
and the value is independent of the consolidation pressure,
Crawford, therefore suggests that this value is of fundsmental
nature and equivalent to Hvorslev's rriction angle.

It is assumed that for maximum deviator stress, the fric-

tion is fully mobilised and a line is drawn tangential to the

to)
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circle for strain corresponding to mex. (o5 - 63) having the
slope ' = ¢e' The intercept on the shesr stress axis is taken
as the true cchesion Ce. It is mobilized at very low strain and
true cohesion as required during stress release. Thia auggestidn
seems incompstible with the findings of Schmertmsnn (107) and

Osterberg and the theoretical picture of Lambe and further study
is needed.



+ 161

(e) Method for sensitive clays: Noorany and Seed (59)
have suggested a new‘method in which the necessity of having over.
consolidsted ssmple is avoided. The procedure involves the use
of several pairs of semples consolidated anisotropicelly. 1In
each pair one sample is shesred under undrasined conditions while
in the other, the anisotropical condition is removed by unleading
and then the sample is shesred, This obviously results in two
samples of same fellure water content but having different
effective stresses, From a comarison of the two effective stress,

the values of C, and @, can be found,

This procedure, while avoiding over-eonaﬁlihetod samples,
necessitates tﬁe use of anisotropic loeding system, Another
disadventage ia that unless the s0il is very sensitive the
effective atresaés of failure of thé two samples may not be

sufficiently gpart to get'rcliable values of Ce snd ¢e‘



1.

3.

L.

Se

LIST OF REFERENCES

Mtechison, G.D. (1956)
"The nature, extent gnd engineering significance of
conditions of unsaturstion in the Australian environment”,

Ph,D, Thesis - University of Melborne, Australia.

Aitchison, G,D, and Doneld, I,B, (1956)
"Effective stresses in unsaturated soils", Proc, 2nd

Aust. No.2 Conference on Soil Mech., snd Found, Engineering,

Balla, A.
"Stress conditions in triaxial compression”, Soil Mech.
and Found, div. M6, Proc. ASCE 86, 57. Dec. 1960.

BOG, R.GD
Discussion on "Friction snd cohesion of ssturated clays”,
Proc. ASCE Soil Mech, and Found. Div., Vol. 89, SM 1, Feb, 1963,

Bishop, A.W.
"The use of the pore pressurs coefficients in practice”,
Geotechnique, Vol, 4, No. 4, 148 (1954).

Bishop, A.W. (1959)
"The principle of effective stress", Teknik, Ukeblad,
39.

Bishop, A.W.
 Sixth Rankine lecture on "The strength of soils as

engineering materisls", Geotechnique, June 1966,

Bishop, A.W., I. Alpsn, G.E. Blight snd I.B. Donsld
"Factors controlling the strength of partly satursted

cohesive so0ils”, Proc, ASCE Research Conf, on Shear Strength
of Uohesive Soils, 503, June 1960.



9.

10,

11,

12,

13,

pre

15.

N g
Y

Biaho;:, Aowo ‘nd D.J. Henkel
"The messurement of soil properties in the triaxial
test”, Edward Arnold (Publishers) Ltd., London, 1962,

Bjerrum, L.

"Theoretical snd experimental investigation of shear
strength oflsoila", Norwegian Geotechnical Institute Publi-
cation No, 5 (954), |

Bjerrum, L. o ,
Third Terszaghi lecture on "Progressive fsilure in

slopes of over consolidated plastic clay and shales”,

Bjerrum, L, and N.E. 3imons o

"Comparison of shear strength characteristics of a
normally consolidated clay", Proc., ASCE Res, Conf. on Shear
Strength of Cohesive Soils, Colorsdo, 1960.

Bjerrum, L, end T.H. Wu
"Fundamental shear strength properties of Lilla edet
clay”, Geotechnique, Vol, 10, No.3, Sept. 1960.

Bolt, G.H. and R,D, Miller

"Calculation of total and component potentials of water
in s0il", Trens. Amer. Geophysical Union, Vol, 39 (1958),
p. 917,

Casagrande, A,

"Reports on Co-operative Research on stress deformation
snd strength characteristics of soils", submitted to U.S.
Waterways Exptl, Stn, Harwerd University 1940 to 1944,



16.

17.

18,

164

Casagrande, A, (1948)

"Classification and identification of soils", Trans,

ASCE, Vol. 113, p. 901,

Casagrande, A, and R,C, Hirchfeld

"Investigation of stress deformation and atrength
charscteristics of compacted clay", Harvard Soil Mech, Series
No. 61 (1960). |

Cassgrande, A. and S,D, Wilson
"Effect of rete of loading on strength of clays and

~ sheles at constsnt water content", Geotechnique, Vol. 2, No,3,

19.

20.

21,

22,

1951,

Casagrande, A, and S8,D, Wilson

"Prestress induced in consolidated quick triaxial tests",
Proc. 3rd Internsiional Conf, on Soil Mech,"and Found. Engg.,
1, 106, 1953,

Chapman, D.L. (1913)

A contribution to the theory of electro-capillarity®,
Philosophical Magaszine and Journal of Science, 30?3.6,7V01.25,
No. 6, p. 475, | | -

Colemen, J.D.

Corrcspondench\"Suction and yield and feilure surface
for soil in the princiapl effective stress space™, Ueotechnique,
10, 181183, 1960.

Coulomd, C.A. |
Essai sur une Application des Regles des maximis et
minimis a quelques problems de statione Relatifts a' L'

- architecture, Mem, Acad, Roy, Pres. Div, Sav. Vol, 7, Paris

1776.



23,

2L,

25,

26.

27.

28,

29,

165

Crawford, C.B.
"The influence of strain on the shearing resistence of
a sensitive clay", Proc. ASTM, Vol, 6%, 1961,

Crawford, C.B.
"Cohesion in undisturbed clay", Geotechnique, Vol, 13,

June 1963,

Drucker, D.,C, and W. Prager
73011 mechanics and plsstic analysis or limit design”,
QUﬂrt. Applc nﬁth‘-, voln 10. "Qo 2. 19520

Gibbs, H.J, (1962)

"Pore pressure control snd evalustion for triaxisl
compr@saion“, Proc. of Symposium on ‘Lgboratory Shesr testing
of soils', Ottawa, Canada, |
Gibbs, H,J,, J.W. Hilf, W.0. Holtz and F,C, Walker (1960)

"Shear strength of cohesive soila”; ASCE Res, Conf,’

Boulder Colorado.

Guoy, G. (1910)

¥Sur la constitution de la charge olocirique a' la
aurface 4' un cicctrolyta” (on the constitution of the elec-
tric charge at the surface of an electrolyte), Journsl de

physique Ser, 4, Vol, 9, p. 457.

Habib, P, |

"Influence de la varistion de 1a contrainte principale
Moyenne sur la resistence an cissillement des soils", Proc.
Third Internationsl Conf..Soil.Hech. snd Foundu, Ehgg., Vol,t,
1953, ’



3o.

1.

32,

33.

3.

35.

36.

3

166

Harr
Foundations of Theoretical Soil Mechanics. McGraw
H11l Book Company, 1966,

Haythornthwaite, R.M,
"Mecheanics of the trigxial test for soils™, Proc, ASCE,
J. of So1l Mech, and Found, Engg. Vol., 86, SM3 (1960), p.35.

Henkel, D.J. |
"The shear strength of triaxiasl test for soils”, Proc.
ASCE J, of SM and FE Dn, Vol, 86, M3 (1960), p.35-61.
Hmkal, ﬁ.J.

"Shear strength of saturated remoulded clays”; Proc. 
ASCE Research Conf, Shesr Strength of Cohesive Soils,
Colorado, 1960,

Hilf

‘"An investigzetion of pore water pressure in compacted
cohesive soils”, Technical Memorandum 654, U.S. Dept, of
Interior Bureau of Reclemation {1956).

Hvorslev, M.J, (1938)
"The shearing resistance of remoulded cohesive soils"™,
Proc. Soils and Foundn, Conf, U.3. Engineering Dept., Boston,

Mass,

Hvorslev, M.J.

“ngsical components of the shear strongth of saturated
clays", Proc, ASCE Research Conf, on Shear Strehgth of Cohesive
Soil, Colorado, 1960.

Jagdish Narain and T.S.R. Iyer

"A review of shear strength parameters for saturated clays®.



38.

39.

40,

AN

43,

AS.

‘e

167

Jennings, J.E. and P.F. Kirchman

"Critical strain energy of distortion in soil at limited
yield", J. of Boston Society of Civil Bngineering, Vol, 49
(1962), pp. 26-43.

Ki‘l‘kpatrick ’ W.M,
"The condition of feilure of sands”, Proc, Fourth Inter-
national Conf. Soil Mech, and Foundn, Engg., Vol. 1, 1957,

Krey and Ti{edmman
Failure criteris as quoted in Ref. 89,

Konder, R.L.

"Hyperbolic stress strain response - cohesive soils”,
Proc, ASCE Soil Mech. and Foundn. Div,, Vol. 89, SM.1,
Feb, 1963, '

-

Ledd, C.C. and T.W. Lambe

"The strength of undisturbed clay determined from
undrained teata”, ASTM-NRC Canada Symposium on Lsboratory
Shear Testing of Soils, Ottaws, Sept. 1963,

Lamb, T.wW. (1953)

"The structure of inorganic soils”, Proc, ASCE Sepsrate
No. 315, Vol. 79, Oct. 1953,

Lambe, T.W. (1958)

"The structure of compacted ¢clsy", Journal of SM and FE
Div, ASCE, Vol. 84, No. SM2, p. 1654.

Lﬂmb, Towa (1959’
"Physico chemical properties of soils - Role of Soil
Technology”, J. of SM and PE Dn,, ASCE Col. 85, SM2, pp. 55-70.



168

46, Lamb, T.W, (1960) .
Discussion. Proc. of ASCE Resesrch Conf. Shear Strength

of Cohesive Soils, Colorado.

46(a), Lemb, T.¥. {1960)
"Strength of compascted clay", Trens, ASCE Reprint Paper
p. 3041, Vol, 125, 1960, |
47. Lamb, T.W. (1960) . o
"A mechenistic picture of shear strength in clay", Proc.
ASCE Research Conf, on Shesr Strength of Cohesivé Soils,
June 1960. ‘

L8, Lsmbe, T.W. {1962) |
"Pore pressures in Foundation clay", Proc., ASCE J. of
SM and FE, Vol, 88, No. SM2, -
49. Langmuir, I. (1917)
"The constitution and fundasmental prOpgrtioa of aoiids.
and liquids”, J. of Am, Chemicel Soc., le..39. p. 1848,

50, Lo, K.Y,
"Shear qtrength properties of a aample of volcanic
material from néxico Cicy", Geotechn;que, Vql. 12, No.4,
Dec. 1962, |

51. Meyorhoff, G.G, | |
"Some recent resesarch on the besring cspacity of

52, Michales, A.S.
"Physico-chemical properties of soils - soil water'nyatem",
Proc, ASCE, J, of SM and FE Dn,, Vol. 85, No. SM2 (1959),
p. 91-102, | |



53.

54,

55.

56 .

57.

58.

59.

60.

' 169

Mises, R, Von

"Mechanik de festen Korper im plastich", Zustend.
Goettinger Nach. Math-Phys. K1, 1913,
Mitchell, J.K.

"The fabric of natural clays and its relstion to engineer-
ing properties”, Proec, Am. Highway Research Bosrd, Vol. 35
(1956), p. 693, |
Mitchell, J.K.

"Shearing resistsnce as a rate process”, Proc, ASCE,
SM and FE Dn,, Vol, 90, S.M, 1, Jan. 1964.
Mohr, O,

"Die elastiaitatagrenzo end Bruch eines materisls"”,
Zverein Deutsche Ingeneure, Vol. L4 (1900), p. 1524.

Newland, P,L. and Allely, B.H,

"A study of the sensitivity resulting rrom conaolidetion
of a remolded clay", Proc, Fourth International Conf, on SM
and FE, London, Vol, 1, 1957,

Newmark, N.M,

"Fallure hypothesis for soils (opening address)", Proc.
ASCE, Res, Conf, Shear Strength of Cohesive Soils, 1960.

Noorany, I, and H,B, Seed
"In situ strength characteristics of soft clays", Proc.
ASCE, SM end FE Div,, Vol, 91, SM2, March 1965,

Olson, R.E,

Correspondence - Geotechnique, Vol. 13, No.2, June 1963,



61,

62,

63.

64,

65,

LAY

170

O'Neill, H.M, |
“Direct shear test for effective strength parameters”,
PPOC. Ascg’ 8’”0 and F.EO Dnt, volp 88’ . SM. u’ Aug. ’962.

Parry, R.H.Q,
Discussions., Proc. Fourth International Conf, on Soil

.Mech. and Foundn. Engg,, London, Vol., 3, 1957,

Proc. 2nd Internstionel Conf, on S.M. and F.E,, 1948,
Rotterdam ~ Genersl Report.

Renduliec, L, .
"Ein Grundgesetg de ton mechanik and sein experiment
eller Beweis", Der Beningenieur Vol, 18 (1937), p. 459467,

Roscoe, x H., A.N, Schofield and C.P. Wroth
"On the yielding of soils”, Geotechniqua, Vol. 8, No.1

(1958), P. 22-53,

66.

67.

68.

69.

Rosenquist (1959)
“Phyiiconehemical properties of soils : Soil water systems”,
Jour, of S.M. and F.E, ASCB, Vol, 85, oM,2, p. 31,

RO\'Q, ?OWO. Oat’s, D-Bo and skﬁmer’ NQAO

"The stress dilatancy performance of two clays™, ASTM-NRC
Cansde Symposium on Leb. Shear Testing of Soils, Ottawa, Sept.
1963, |

Rutledge, P.C.

Review of Co-operstive triaxiesl research program of the
Corps of Bngineers "Progress Report on Soil Mech, Fact Finding
Survey", U.S. Waterways Exptl. Stn,, Vicksburg, Miss, 1947,

Schmertmann, J.H,

"Compériaons of one snd two specimen CFS testa", Proc.

ASCE J. of SM and PE Div.,Vol. 88, No.SM6(1962), p. 169-206.



70.

71.

72.

73.

74,

75.

76.

77,

78.

171

Schomertmenn, J.H, ond J.R. Holl
“Cohosion oftor non-hydrostotic concolidotion”, Proc.
ASCE J, of S.M. ond F,E, Div,, Vol., 87, No, S1.4 (1961),p.39-60.

Schmidt, U.E.
Discusoion on "Influocnce of strain on the sheoring

reoiatance of a 6enait1vb clay®, Proc., ASTHM, Ho,61, 1961,

Scott, R.F,
"Principlcs of soil Mechonics®, Addison Wesloy, 1962.

Sood, H.B. and Chan, C.K. (1959)
"Structure snd Strongth cheracteristico of Compacted
Clays®, J. of S.H. ond F.E. Div,, ASCE, Vol, 85, 9.5, p.87.

Shields’ R.T. ’
"Iiixed boundary value problems in soil mechanics”,
Quart. App. Moth., Vol., 11, 1953,

Simong, N.E.

“Comprehencivo invostigation of the shoor strongth of on
undioturbed Dremmon clay®, Proc. ASCE Rea, Conf. on 3trongth
of Cohosive Soils, Colorado, 1960.

Skempton, A.W. (1948) .
®A otudy of Gootechnicel proportics of seme psst glecisl
cloyo®, Gootechnique, Vol, 1, No.k, p. 7.

Skempton, A.V,
“Pore pregoure coefficionts", Gootochnique, Vol. &, No,b,
pp. 143 (1954).

Skempton, A.YW. (1950)
"Effoctivo stroosos in soils concroto ond rocks®, Proc,

Conf. on Pore Progsuro ond Suction in Soils, London, Bnglond,



7.

80.

81,

Skempton, A.W. (1964)
"Long term stability of cley slopes”, Geotechnique,
v°1. Iv. "0.2, p. 77"1020

Skempton, A.W. and A,W, Bishop

"Soila", Ch. X of Ref., J.K. Mitchel "Fundamental aspects
of thixotropy in soils", Soil Mech. snd F.E, Div., SM.4,
Proc. ASCE 86, 19, June 1960, |

Skempton, A.W. and U.I, Sows o
“The behaviour of saturstod clays during n:mpling and

teat’.ﬂg » thecn.; v°10 13’ NQ.“' DGCQ ?9630

8z.

83.

84,

8s5.

86.

Sowers, 0 F. o .

"Strength testing of soil in laboratory shesr testing of
s011", ASTM Spec. Tech. Publication 361, 1964.
Ton, T.K. (1957) ‘

"Structure Mechanics of Clay“; Academic 3inica, Soil
Mech., Lab, Inatitute'of Ui#il Eng. and Architecture, Harbin,
China.u | | |

TaYlor, D.W. . : .
"Fundamentals of Soil Mechanics", John Wiley and Sons,

Inc,, New York, 1948,

Terszaght, K. oo :
"Theoretieal Soil Mechenics", John Wiley and Sons, Inc.,
Ncn York, 1953.

Tersaght, Kerl (1936) |
~ "The shesring resistance of ssturated soils”, Proc.
1st Int, Conf, on S.M. and F.E., Vol, 1.



b
173
87. Tresca, H.

Memoire Sur L' ecounlement ses corps solids, Mem., Pres
par Div, Sav., Vol. 18, 1868,

880 Tl"ollope, D.H, and G.KC Chan ,
| "Soil structure and step strain phenomenon”, Proc, ASCE
J. of S.M, and F,E, Div,, Vol, 86, SM 2 (1959), p. 1-39,

- 89, Tschebotarioff
"Soil Mechaniecs, Foundetions and Earth Structure”,

McGraw Hill Civil Engineering Series,

90, Whitemen, R,V,
| "Some considerations and data regarding the shear strength
of clays", Proc, ASCE Res. Conf. on Shear Strength of Cohesive
Soils 581, June 1960.

90(8). Whitoman, Ro?a
"The behaviour of soils under transient loadirgs",
Proc, 4th Int, Conf, Soil Mech, and Foundn. Eng,., 1, 207, 1957,

91. Wu, T.H,
"Friction and cohesion of saturated clays®, Proc, ASCE
SM end FE Div,, Vol, 88, SM.3, June 1962,
92, Wu, T.H.
Discussion on "One and two specimen CF$S tests", Proc.
ASCE Soil Mech. end F,E, Dn,, Vol, 89, SM,4, July 1963,

93. Wu, T.H., AK. Loh and L.E, Malvern
"Study of failure envelope of soils", J, of SM gnd FB
Div. ASCE, Feb, 1963,



TNF

174

94. Yong, R,N. and E, Vey
"The use of streas loci for determination of effective
stress perameters - stress distribution in earth masses”,

Highway Res. Board Bulletin 342 (1962), p. 1038-1051,



	WRDM105174.pdf
	Title
	Summary
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	References


