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ABSTRACT

Specimens of saturated, remoulded Weald Clay were normally
consolidated under Ko conditions and then gheared in compression under
conditions of plane strain. Undrained tests were carried out, When
comparad with the corresponding data from standard triexial tests, the
avefage strength of the plane strain specimens is greater by A ﬁ' = 1.20.
Drained tests on ''sable de mol" showed a similar strength differential
betvween plane strain and triaxial specimens. It is concluded that this
increase in ¢° in plane strain specimens is due to intermediate values
of the second principal stress.

The magnitude of the intermediate principel stross under plane
strain conditions is considerably less thaa one-half the sum of the other
two principal stresses during shear for both the sand and clay tested.

In undrained tests on clay specimens, it is shown that both the
initial yield and the induced pore water pressures are controlled by
the octrahedral stresses; failure, however, is better defined by

empirical relations.



(ii1)

ACKNOVLEDGEMINTS

The research programme described in this thesis was carried
out in the Civil Engineering Departmient (Professor of Civil Engineering:
A. W, SKEMPTON, F.R.S., D.Sc., M.I.C.E.) of Imperial College under
the supervision of Dr. A. W. BISHOP, Reader in Soil Mechanics.

The author 1s indebted to Dr. Bishop for his many helpful
suggestions, and to Dr. D, J. Henkel who guided the programme and
helped to interpret the test results., Othcr members of the staff to
give assistance include Dr. R, E. Gibson, Dr, N. N. Ambraseys, Mr.

N. Morgenstern, Mr, E. Harris, Mr, D, Evens, Mr. N. Scott, Mr. L. Spall,
and Miss J. Brovn. Instructive discussions were also held with the
writer's colleagues, Messrs. V. A. Sowa, D. L. Webb, E. L. Hatyas,

and S. W. Smotrych. Mr. Sowa generously provided the standard triaxial
data on Weald Clay which was used for comparison with the plane strain
test results. |

The author wishes to thank the Athlone Fellowships Managing
Committee and the National Research Council of Canada for providing
the financial assistance during the four years taken to complete the

research programne,



(iv)

LIST OF CONTENTS

Title Page

Abstract

Acknowledgements

List of Contents

CHAPTER I,

(1.1)
(1.2)
(1.3)
(1.4)
(1.5)

INTRODUCEION
The Triaxial Test
Limitations of the Triaxial Apparatus
The Planz Strain Compression Test
The Shear Box Test

Aims of the Thesls

CHAPTER II. BRIEF REVIEW OF PREVIQUS WORK

(2.1)
(2.2)
(2.3)
(2.4)

General
Theories on Shear Strength
Experimental Investigations

Summary

CHAPTER III. DESCRIPTION OF APPARATUS

(3.1
(3.2)
(3.3)
(3.

General
Lateral 5Strain Indiecator
Servo-mazhanism

Leaf Spring

iii

iv

o U W

(o]

28
4

k2
2
L4
49
52



(v)

(3.5) Hotor and Gear Train Arrangement
(3.6) Kopp Vaxistor

(3.7) Trisxiel Apparatus

CHAPTER IV. SOIL PROPERTIES

(4,1) Cley
(%.2) Sand

CHAPTER V. DESCRIPTION OF THE TEST & TEST PROGRAMME

(5.4) Deseription of the test

(5.2) Test Prcgramme

CHAPTER VI. TEST PROCEDURE

(6.1) Specimer. Preparation
(6.2) Apperatvc Assembly

(6.3) Back Pressure fpplication
(6.l+) Consolication Stege

(6.5) Shear Stage

(6,6) Sand Tects

CHAPTER VII. RESULTS OF TESTS ON WEALD CLAY

(7.1) Plane Strain Tests - General
(7.2) The Concolidation Stage
(7.3) The She:y Stage

(7.4) Teste with Axlal Symmetry

54
5h
55

56
56
59

60
€0
65

68
68
7>

79
80
82

83

86
86
87
91



CHAPTER VIII.

(vi)

RESULTS OF TESTS ON BELGIUM SAND

(8.1) General

(8.2) Consolication Stage

(8.3) The Shezr Stage

CHAPTER IX,

DISCUSSION OF TEST RESULTS

(9.1) WVater Content - Normal Stress ai End of Consolidation

(9.2) Stress-Strain Relations

(9.3) Maximum Deviator Stress versus Consolidation Pressure

(9.4) @' at Fellure

(9.5) Stress Paths

(9.6) Pore Walier Pressure Relations

(9.7) OQectrahecdral Fallure Conditions

(9.8) Intermediate Principal Stress

(9.9) Yield Surface in (e, »', g) Space

(9.10) Summary and Conclusioas

APPENDIX 1.

APPENDIX 2.
APPENDIX 3.

APPENDIX 4,

APPENDIX 5.

PROCI:DURE FOR MAKTNG RUBBER MEMBRANES

CORRECTIONS TO THE MEASURED STRENGTH

GRAPHICAL PRESENTATION OF THE RESULTS OF THE
PLANY, STRAIN UNDRAINED TESTS ON WEATD CLAY

GRAPHICAL PRESENTATION OF THE RESULTS OF THE
PLANS STRAIN AND STANDARD TRIAXIAL DRAINED
TESTS; ON BELGIUM SAND (SABLE DE MOL)

CALIBRATION OF MEASURING DEVICES

103
103
103
10h

112
112
113
14
11k
117
118
121
124
127
129

133
135

144

42

U3



(vi1)

APPENDIX 6, THE RELATIONSHIP BETWEEN THE WATER CONTENT AND THE
UNDRAINED SHEAR STRENGTH OF WEALD CLAY AS DETERMINED
IN THE MINIATURE VANE APPARATUS 149

BIBLIOGRAPHY 150



CHAPTER I

INTRODUCT TON

"In certaln classes of problems, laboratory tests serve mainly to
illustrate the principles on which a judgmont may be based or to set
broad limits to the probable behaviour of tha soil. In many cases,
however, the uniformity of the =zoil conditions or the importance of
the project will justify s more accurate analysis ...", for instanes,
in the "design of vater-retaining structures, such as carth dams and
cebankmeonts, whers failure could have catastrophic results, but where
an owe:con@srvative design is very costly." ... "Current methaods of
stability and deformatlion analysis call for a range of teat data which
can be obtainsd eonveniontly only with.tho triexnial apparatus. This
is due to the recignition of the advanieges, iﬁ routine work ec well
as in research, o’ carrying out Zhe anaiysis in terms of sffective
siremses and noxplleitly determined pore pressures." (BISHOP & HENKEL,
1957: Prefacce to "Tho Mossursment of Seil Properties in the Triexial

Teet.

(1.1) Tae Triaxia . Test

Ths ¢trigxdel apparatus was originclly developod frow o machine
deolgned at the Prussicn Waterways Lxpeirimental Station for the purpoeo
of studying ¢2ec congolidation of ~iays undor conditioas of negligible

side friection (S5 TFERT, 1933). % concists fundamentally ef n



- -
cylindrical pressure chember, which can he dismantled, with a movable
piston co-lincar with its axis. For tests on scil, a g¢ylindrical
specimen is placed on the pedestal of tha chamber base, capped with

a stiff ond platen and enclosead in a rubber membrane sleeve to iaolate
it from the chamber fluid. Dopending on what test information is
desired, the sample can be either consolildated and/or sheared with
verious combinations of all round pressure and axial loads. A detailled
doscription of the various loading mothods possible in the standard
triaxiel apparatus is given by BISHOP & I[IENKEL (1957, 19562). Since
tho deﬁelopment of the first machine, tho prosent apparatus with
no@ifications and improvements has becomo firmly established in the
Zield of soll mechanics zs the major device used to measure the

strength of soils,

L L
v

pmree 5 e [
5 e
\-./ \./
G > (2= Gy < Ga= 0>
(a) Compression Test (b) Extension Test

Fig. 1-1. Princlpal Stress System in the Triasxial Test
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(1.2} Limitations of the Triaxial Apparctus

However, this apparatus, for all its versatility, has its
limitations if the effect of a varying intermediate principal stress
on the soll strength is to be investigated. Due to the axial symmetry
of the confining pressure (see Fig. 1-1), the intermediate principal
stress has a value equal to the minor oy major principal stress in the
compression and extenslon tests respectively. In practice, many
feilures in natural slopes and man~made earth structures occur under
stroce and deformation conditions that sre inadegquately represented
in the triaxial test model, An early arpreciation of this phonomena
heae inltiated the attempts of many experimenters to solve the technical
difficulties assoolated with the independent application of the three
principal stresces to soil specimens, in order to define more ac-~
curately the failure criteria in three dimensional stress space.
BISHOP & HENKEL (1657) state, "Ideally, the triaxial tezt should per-
mit independent control of the three priacipal streosses ..., so that
generalized statea of stress can be examined, including the important

special case corresponding to plane strain.”

(1-3) The Plane Strain Compression Test

The actual deformations that occur in many earth structure and
foundation failures more closely approximate to the plane strain con-

dition than threes dimensional deformation. The three principal streases
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are all unequal, and the intermediate principal stress acts along the
axis of gero deformation. To simulate this phenoﬁena, an apparatus
was constructed at Imperial College to inpose two dimensional deforams-
tion on a rectangular prism of soll whilc at the same time measuring
the throé principal stresses. The soil priem was nominilly 16 in,
long x 4 in. high x 2 in. thick. The major principal stress, Ti,
was applied vertically by the testing machine, the minor principal
stress, <r3, was applied horizontally by the cell pressure, and the
intermediate principal stresa, J,, which prevented the specimen from
deforning lengthwise, acted on the ends of the specimen through rigid

end plates. The loading systea is shown diagram:atically in Fig. 1=2.

Fig. 1-2. Principal Stress System in the Plane Strain Test

The compression test was carried out by first consolidating the
specimen under conditions of no-lateral-yield, and then shearing it by
inoreasing the major principal atreass and adjusting the intersediate
principal stress to maintain the plane strain condition. Undrained
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testzs werse conducted and by measuring the excess pore water pressures
in the saturated samplea, the principal effective stresses were ob-
tained,

Although sufficient to determine the plane strain characteristics
of a soil, the Imperial College apparatus was not specifically de-
signed to permit oexhaustive variation of the intermediate principal
stress between the limits of the major and minor principal stresses,
and hence the complete failure envelope in streass space cannot be
fully established. Nevertheless, in the writer's opinion, the errors
associated with the apparatus are small enough to establish with a
relatively high degree of accuracy the strength parameters of a soil

in plane strain.

(1.4) The Shear Box Test

Another apparatus that imposes plane deformation on a soil speci~

men is the shear box, which consists basically of a standard box

split horizontally 1ﬁto halves. The test is performed on a soil
aspecimen approximately 6 cm. square by 2 cm. deep by moving the top
half of the box horizontally in one direction relative to the bottom
half. A normal load is usually placed on the top of the specimen,

and measurements of vertical and horizontal diaplaceménts as well as
shearing load are taken. (See Fig. 1—3)0‘ This test, advantageous

in practice, is simple to operate and can be conducted relatively



- B -

quickly even in cokesive soils because ¢f the chortness of the drain-
age paths. However, the high stress gradients set up in the pre-
determined zone of shear and the possible rotation of principal strosses
tend to make the interpretation of the results controversial;

(SKEMPTON & BISHOP, 1954). Thus in the last decade, duec to its
theoretical and practical limitations, the direct shear test has gone

out of favour; (CORNFORTH, 1961).

G * Norras Stress

} z
CETe B B m m —
i;wwnwﬂwwwwwwm;&§§

Fig, 1~3. Stress System in the Shear Box Test

= Suear STRESS

(1.5) Aims of the Thesis

The main aspect of the testing programme was to determine the
failure characteristics of a remoulded, normally consolidated clay
in the plane strain condition. By comparing these characteristics
with the complementary standard triaxial failure phencmena, the effect
of plane deformation on the strength of the clay could be obtained.

The objecta of tho preeent research, then, are:
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(a) to messuro the three princi.pal effective siressen, the
changoe in pore water pressurs, the axiel strain,
and the moisture content of the clay in the planc
strain, undrained compres:ion test, and to compare
thesc resulis with the corresponding data obtained
from the standeard triaxisl teost;

(b) to measurs the magnitude ol the intermediate prin-
cipal strems during shear. and to assess its in-
fluence on the strength ol the clay;

(¢) to relate the fallure critcria of the plane strein
and the standard triexial tests in a generalized

stete of stross.

After the clay to be used was selected, preliminary tests to
determine the mechanical properties werc undertaken, and the relevant
triaxial shear tests were performed. The writer was responsible for
conducting the plane strain tests, and & colleague, Mr. V. Sowa,
carried out the stendard triaxial tests sn the clay.

A secondery yprogrenme on a sand waes performed in which both
the plane strain and the gstandard large dlameter triaxial‘tésts were
carried out by the writor. Tho results »f these tests were compared
with each other as above, and also compered with triaxial tests

carried out in Belgium (LADANYI, 1960) on the same sand.
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GHAPTER IX

BRIEY REVIEW OF PREVIOUS WOIK

(2.1) General

The point of failure in sfrength tosts on soils. is commonly
taken as the maximum point on the stress-strain curve, i.e. in the
triaxial test, the maximum velue of the deviator st;eas (0;- Gé),
although some investigators prefer to deline feilure as the maximum
principal stress ratio (Oi/dé). In recent years, however, more em-
phasis has been placed on the stresa'invariants and the corresponding
octrahedral stresses; (HVORSLEV, 1960). Ir terms of principal

stresses the first, second and third invariants are:

Jl—_-_-o‘l...o-a.q.o—j ...‘.......(2-—18.)
J2=0'10-2+0-20-3+0‘30‘1 .........o(a-l b)

= 1/6 [(61-0'2)2 + (6307 + (0‘5-61)_5) N ¢-55 )
Iy = Gioéﬁé crenseesed(2-1 @)

(Similar oquatiohs are used to define ths strain invariants in ternms
of principal strains; JAEGER, 1962).

The octrahedral strosses have the forn:

o-oct = 1/3(J1) = 1/5(01 + 62 + 63) = P oo-oc-co.o(a-a a)



!
LY5]
!

2 ~ 2 - 21 ¥
whereo o;ct 418 the octrahedral normal stress or the mean normal
stress,

and T

oct is the octrahedral shear stress.

Various theories involving the strsss invariants and the
octrahedral streeses to define failure in soils are discussed in
the following pages, as well as simpler theories based on the stress-
strain curve.
The apparatus generally used in the investigations of the
shear strength of soils is the direct shear box or the triaxial de-
vice; the following review will be limited to these apparatus or

their modifications.

(2,2) Theories on Shear Strength

The advancement of s0il mechanios as an applied sclenoce has
always been hindered by the lack of an adequate theory which correlates
applied stresses and their resulting deformations. The Coulomb

Empirical Law (COULOMB, 1776), (See Fig. 2-1):

B=c+0-tan¢ o--o---oo-oo-(a-a)

which atates that the shear strength s 48 a linear function of the
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applied normal stress O, provided a partiel fulfilment fb the exist-
ing lack of logical hypotheses prevailing up to the late eighteenth
century. The relationship between sheering strength and normal
strenss was further clarified by the graraical representation of

MOHR (1882). However, it was not until Terzaghi formulated the con~

cept of effective stress (TERZAGHI, 1936)

G' = 0 - u PP ¢-22.

(i.6. the effective normal stress 0® i3 equal to the applied stress
minus the pore pressure u), first used in 1923, that soil mechanics
possessed a fundamental unifying principle (SKEMPTON, 1960).
(Although this concept was net previously understood, practising
engineers were in fact preloading soft clay deposits "to Bsqueegze

out the water and consolidate the mud" aa early as 1809; TELFORD,
1830). -

The Mohr-Coulomb criterion, since it considered only total
stresses, had limited applicability in the general sense; the para-
meters ¢ and @ are not constants of a given soil, but empirical
coefficients that dépend on the conditions of consolidation, drainage,
etc (TAYLOR, 1948). Terzaghi's modified effective stress formula

for shear strength,

T = ¢' + (0-" “);tﬂn“’ ooc.o-oooo(a"s’



- 11 -

increased the accuracy of the criterion‘ immensely. No provision,
however, was made for the stress history of the material, and thus
discrepancies in ' and @° between normally consolidated and over-
consolidated specimens persisted. Soll parameters which would be

constant under all testing conditions had yet to be defined.

HVORSLEV (1937) introduced the concept:
2- = Kope + 60‘3&3110 -..;....(2-6 a)
which in modern notation can be written:
- n D e
TF —ce-l-c-r'lntb;n ¢° --c-oo-o(..sb)

where'l'f igs the slhiear strength of the soil, ot the true cohesion,
is a function of the water content only, 6; is the effective normal
stress on the faiiure plane, and ﬂe is ths true cohesion. Thiso con-
cept, plotted dimcnzlonlessly in Fig. 2-2, takes into consideration
the stress histor; and the void ratlo of the specimen by means of
the construction shown in Fig. 2~3, ancd suggests a unique set of
parameteras for a particular seil. It waswot until leter that GIBSON
(1953) critically examined Hvorslev's hypothosis and pointed out
that it should be modified to consider the state of packing or por-
osity of the soil grains. To meke drained tests, in which the

specimen volume ic allowed to change, comparable with undrained tests,

"
The eriterion ascumes that the shear strength of the soil is inde-
pendent of the mcgnitude of the intermedimte principzl stress.
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where no volunme change occurs, an energy correction must be applied
to the drained strength to account for the volume change effect on.
the measured shear stress at failure; (BISHOP, 1950). Since Hvorslev's
criterion was based on the results of drained tests only, this anomaly

did et occur. For the shsar box test, Cibson's formula is
- ] t -
L] t f - cr + Gn.tangr + 6n“3f a s 8 v s e an .(2 7 a)

where g, is oqual to the ratio of the vertical movement of the
normal load to the incremental movement of the shear load.
- The corresponding general equation for the triaxial test

(SKEMPION & BISHOP, 1954) is:

c_.cosf_ + Ot.sing
WOy - Oy), = r £ 2 r o,y edAVAD . 6‘3....(2—7 b)
1 - Bingr dfw)

ahere (Oi-ds)f is the deviator stress aif. failure, 0; denotes the minor
principal effective stress at failure, S and ¢r arec obtained as in
Fig. 2-3, . being a function of water content alone, and d(j;y[V)

is the ratio of an incremental change in: volume to the correspbnding

incremental axiel strain in the specimer. at failure. (This ratio is

zero in an undrained test).
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Fig. 2-1. Plot illustrating the rational interpretation of
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Fig. 2-2. Hvorslev's concaept of soll constants,
(after BJERKUM, 1960)
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Fig. 2-3. Te?zaghi'a éohstrumtign to determine ¢_ and Qe from
drained shear tests (TERZAGHI, 1938).

The construstion is as follows: The curves and the envelopes
are obtained from a series of drained tests. Arbitrary points A and B
are plotted at the same value of P,; D is plotted at the same water
content &s A, and C has the same value of p_ as D. The line joining
B and C has an intercept ¢_ and an angle ¢ to the horizontal. Different
values of ¢, are obtaincd when different water contents asre chaesen.
The same construciion can be used to determine the true parameters in
undrained or vnecatvrated samples if effective stresses are used.
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To obtain a satisfactory set of average values for the true

cohesion cr and “he true angle of internal friction ¢r, BISHOP &
HENKEL (1957) propoaéd that (01-03)’ be plotted as the ordinate and

2p
6‘;/;:e as the abscissa on a graph,e and the best £it straight line be

drawn through thc points (see Fig.2-4). FPresented in this way, the

er‘cos¢r

pe(l-ainﬁr) ®
and hence the average true constants of the soil can be determined.

slope of the linc becomes sinﬁr(l—singr) end the intercept

(pb is the all-round consolidation pressure which produces the
particular water content in the normally consolidated sample, see
Fig. 2-3).

POOROOSHASH & ROSCOE (1961.), however; maintain that the boundary
energy correction for drained tests given by BISHOP (1950) is valid
only for soils which expand in volume at failure (i.e. a dense sand),
and should not bo applied to specimens that decrease in volume during
- shear (i.e. normally consolidated clays).

Another extension to Hvorslev's criterion (equation 246 b)
was provided by ROSCOE, SCHOFIELD & WROTH (1958) in a generalized
relationship of the threc variables, effective normal stress 0;,
shearing stress T , and voids ratio e (or water content w in
fully saturated coils). The yield surface in three dimensional apace

had the equation:

T - /LLO.OI" + ¢ .exp.(-B.c) cevecssesces (2-8)

where /uo ie a fundamental constant of the soil, VU is a coefficient
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which represente the effective cohesion component at_zero voids ratio,
B is another soil constant, and exp. denotes the exponential function.
The paper suggested the existence of a critical void ratio in soils
after the ultimate strength had been reached, that is, a condition

of continuing deformation of the specimen under constant stress and
constant void ratio. This condition exists as a line on the yield
surface called the critical void ratio or CVR line, and on the

(w,0) plane has the equation:

W, - W
0= O;l.exp.g h

) P =22
N

where 0 and w are the variable normel stress and water contents

respectively, 0; and w, are Iknown points on the CVR line, and )

is the slope of the w-logU curve for normally consolidated samples.

]
o 3
b Pe

Fig. 2-b4. Method of obtalning a satisfactory set of average
values for ¢ and ¢ when many tests are performed,
(rfter DISHOP & HENKEL, 1957).
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Fig. 2-5. 1Isometric view cf the yicld surface for a clay.
(After ROSCOE & POOROOSHASB, 1963).
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on the (T ,0) plane the equation for the CVR line is:
7:”.0 oo s cacanesvdnrstans s (2-10)

where M 18 the slope of the line. An isometric view of a typical
yield surface for a clay is shown in Fig. 2-5, and the two dimension-
al views are shown in Figs. 2-7 and 2-8.

The surface in space and the CVR line is reputed to hold for
all conditions of drainage, and for norrally and overconsolidated
specimens of cohesive soils., The same gencral criterion is thought
to be valid for cohesionless materials also, but sufficiently accurate
test data was not available to allow experimental verification.

Most of the confirming data for cohesivc soils was published by other
experimenters (PENMAN, 1953; PLANT, 1955; HENKEL, 1956; GILBERT,
1954).

In a subsequent paper (ROSCOE & POJROOSHASB, 1963) a further

stressestrain relationship to accommodats triaxial test data (only)

on normally consolidated clays was proposed. The equation is:

MICE NCPRY U NP PN C-XS £ )
dv av

where fl(TL) and fz(*L) are stress functions of a point in (¢ ,0,e)
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aspace, (de¢, /dv ) is a path dependent variable (i.e. depending omn
whether the test is drained or undrained), €, is the natural or
logarithmic axisl strain (i.e. the ratio of the incremental height
to the current height), U~ is the natural or logarithmic volumetric
strain, and T ie equal to (0i~63)/p. The expression (eq. 2-11),
due to the complexity of the integration involved, is solved for a
given s0il by approximate methods; the step-by-step procedure is
adequately described in the paper and need not be summarized here.
The authors have specified the following conditions for the validity
of the relationship: (i) the specimen must be tested in triaxial
compression in the conventional way (i.e. Gi)»dé = 6}); (ii) the
atate paths must lie on the boundary surface and not within it;
thus, tests which have been unloaded or tests on overconsolidated
clay are excluded; (iii) the value of«L must not decrease at any
stage during the test.

w%4

%
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Figs. 2-6 to 2-8: Critical voids ratio line from undrained
triaxial tests on a clay (after ROSCOE,
SCHOFIELD & WROTH, 1958)

Another approach to the problem of relating applied strcsses
to the cbrreaponding volume deformations was made by RENDULIC (1936,
1937) when he cerried out a series of triaxial tests on normally

consolidated Vienna Clay. He established for the first time the



fundamental experimental relationships between axial symmetrical
stress systems, vold ratios, and pore water pressures. His testing
progrémmo consigsted of both drainqé and undrained tests in extension
and compression; 'the undrained tests were conducted with pore pressure
measurements so as to obtain the effective stresees. Since no cor-
roction was applied to the cross-sectional areé. his tests are un-
-reliable at large strains; (HVORSLEV, 1960). Later work by HENKEL
(1958, 1959, 1960-a, 1960-b) on Weald Clay improved the experimental
relationships induced by the triaxial test but no general formula
bmorgod. By reporting the teet data graphically, Henkel was able to
depict the three principal stresses with constant water content cone
tours superimposed, so that, in a saturated cohesive material the
volume changes could be predicted for a given set of stress inarements.
(S8ee Fig. 2-9). This plot im known as the unified ﬁondulio diagrenm.
Henkel, however, did suggest that the change in pore water pressure,

A v, was a function of the oc’i;rahedral stresses. His ;t‘ormula is

Aun= A% 50 + D0 a’V{woi-wE)a + (D0, B6)°
3

PR
+ (80,-007) }

where & 18 a parameter depending on the soil type.
The foregoing discussion has been concerned, in the main, tdith

empirical theorios or bypothesos relating to soil apecimens teoted in
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¢he shear box, in which tho principal sitressees are not fully known,
or tested under conditicns of axinl symactry in the triaxial apparatus.
As indicated in Chapter I, strens systesns in vhich the three principal
ctrasses arc of uncgual nagnitude cre common in practice, and the
theorien brisfly discusmed seo far are Zaiadequale to deseribe thess
unsymnetricel systems. Gonmprehensive yield eriteria invoiving the
three principsl stressce was first estollished for metals, concrete,
crysteliine rocks, etc., and the appliciticons of these theories
to soils are descrlbed by RENDULIC (1¢733) and KIRKPATRICK (1957).
A short summary follows.

The Tresca or Guest fallure critc-ion predicts that the shear
strength for a materigl with ' = O ie qual to the effectivo cohesion

plus some function of the average normeli effective stresses, 1.0.4

t . i i ’_*5
(0‘1 - (r) = O +/u’/3(63' - Ci. + 03) co.ooavca(a-la)
lihon extended to principal effective st:ess space, the fallure
envelope is a pyramid with a regular heraponal right section as ia

depicted 4in Fig. 2-i0.
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Fig. 2-9.

(a) Shaded portion is-the stress planc that can be investigated in

the conventisnal triaxial test;

(b)

Lnother vicw of the stress plane for axially-symmetrical stressaes

showing the ompression and cxtension envelopes cstablished by
the drained vests (dashed) and the undrained tests (s0lid lines).
The undrainel strose path is also a constant water content con-

tour.

For materizle with en effective cohesion ¢', the compression

and oxtenslon failuro gavelopes have interceopts on the verticel

and horizontal axes respogtively.
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G, RigHT
SecTion ‘C OMPRESSI1ON
KRR Mong-Courime
- Q Von Mises
P -TRESCA
"’—’,,j:;$E;Zuﬂom y 7N
NZ =Nz 63

0 Faiur: EnveloPes

Fig. 2-10. Failure surfaces in principal stress space (after
HVORSLEV, 1960; and COLEMAN, 1960/.

Note: A point in principal stress space is denoted by the variables

di. 0’2, 0'3, where the subscripts 1, 2, 3, refer to the line of action
of the stresses and are independent of the magnitudes of the stresses;

i.e, Oi does act nacessarily denote the nmajor principal astresas,
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Theoretical and experimental investigations on many ductile
metalé and plastic materials by von Mises and others are summarized
by the following failure criterion:

' |

L ‘.2 2 1 1] 2 L] \ ? J 2
(Gl"o.}) 4+ (0.2'“0.3) + (0-3-03.) = [c + }1/3(0-1"'0-2 +O-5)] R K] 0(2-13)

The right sectior is a circle which circumscribes the Tresca hexagon.
COLEMAN (1¢60) postulates, by considering the failure envelope
of an ideal heavy clay in three dimensional principal eifective stress
space, that the effective angle of internal friction @' is groater
than that obtained by the conventional triaxial test when the inter-
modiate principal stress is varied between the major and minor prin-

cipal Btresses. His equation for the envelope in stress space is:

] ] ¥,
"3 X A 2 = EaJl)/B + (A‘-,,/Z)s}a Y Bi[lzﬁ' .0---.-.--(2"1"’)
where Ji = the first invariant of the effective stress tensor
| ] ]
= (7'1+O' 2+63 = 3p;
]
152 = the £ocond invarisnt of the effective stress deviator
tenceor
1 ] q ] U ] L] ] ¢ ] L ]
= (Ul-p )(0‘2-9 ) + (0‘2-p )(0‘3-13 )« (0'3-p )(0“1-p )
]
ZSB = the third invariant of tho effective stress deviator tensor

it

(033" 1 (Ty-2"3(Ty-p")



- 26 -

The Mohr-Coulomb c¢riterion when extended to stress epace hes

the general eyuation:

.‘L(cr; - o:;_)z - (2c'cosf’ + (0] + cr;_)sin;z-)a][ (0, - 0"3>2

- (2c'cos@' + (o'é + o';)singo )2] [ (o; - 0‘;)2

- {2ctcos@' + (0; + Oi)sin¢')é] = 0

In equation 2-15, Hvorslev'sa true paracoters, (ce and ¢g), as well

ae the paramcterz suggested by Gibson (3 and ¢r)’ can be used in

r
place of ¢' and @'.

For conditicons wherc the actusl failure points fall betwaen
the Mohr-Coulomb and the Tresca (or vor Mises) criteria, unified
diagrams or expressions connot be obtained by use of the principal
stresses; octrahedral stresses or stress invariants; (see HVORSLEV,
1960). It has been proposed by JOHANSEH (1958) that the stresses
used (i.e, the normal and shear stresses) eﬁouid be in a plane for
which the directioﬁ cogines of the normual to the plane are
1/(2+ da)%. X /(2+ 6?.2)%, and 1/(2+ 0(2)%0 The required stresses 'C“
and Qi are then dofined as
o - Oi + 5502 +‘23

2 + qLa

o" ...........-.....(2-16 .)
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2 9 -'. 2 1 t.2 ’2 (] t 2]}5
and T, L (0, - 0,07 + (0) - 0)° +k%(C, - 03)

e (2"16 b)

2 +o€2

and his suggested failure condition is that the shearing astress 1;‘ on
)
thie plane is directly proportional to the normal stress (g or,

F(oi "CQL) =k = constaﬂt ooa-o.ooooo.(a-l‘?)

which for small values of X, whenc'ég i3 approximately equel to

tm = %(O‘i - 0’;), becomes:
o
.F(o.d ’Tm) = k = constant .......-.-..(2-18)

Johansen's oriterion, in effect, gives the intermediate principal
stress a weighted value. (The direction cosines, say 1, m, n, of a
line are defined as the cosines of the angles it makes with the mutu-
ally perpendicular lines Ox, Oy, Oz. The direction cosines are
connected by the relation L 1) (JAEGER, 1962).

The various yield criteria summarized above will be judged
and compared by the way in which their predictions fit the experi-

mental results of this thesis.



(2.3) Experimental Investigations

To avoid unnecessary repetition and to condense the review of
experimental results, only tests which approximate to the plana
deformation condition or permit the assessment of the three independ-
ent principal stresses will be discussed.

KJELLMAN, (1936), tested cubical specimens of dry standard
German sand in a triaxial apparatus which permitted independent
control of the three principal stresses. His apparatus, shown in
Fig. 2-11, consiated of three separate frictionless steol pistons
to apply the mutually perpendicular principal stresses to the sample.
Reaction plates were positioned around the sample on opposite sides
to the loading pistons. The load was transferred to the specimen
through the square section (0.6 cm. square) brass rode (100 in number)
in contact with cach face. The rods, 32 mm. long and with a 0.02
cm. gap between them, were butted sfainst the specimen on all sides
with the result that about 3.2% deformaztion could be effected under
conditiones of zero side friction. Soils which require larger strains
before failure ic attained could not bs tested in this apparatus
without side friction being introduced.

One of the earliest experimenters to obtain data on un-
symnetrically stressed eoil spzcimens, Kjellman found that his com-

- pression tests (i.e. 0i3>05 = 03) gave ¢° = 35°, whereas tests ap-
proximating to plane strain (in which the intermediate principal stress

was varied so that 0&>»Gé>’03) gave #¢ = 43°,  Phe value of the
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intermediate ctress in the latior series was 0.42 and 0.50 (two tests)
times tho sum of the major and minor principal atresses. He concluded
that the higher strength ir the latter case was due to the effect of

the intermediate principal stress.

f\Cj .

Steer Fstons on

\.\
FRICTIONLESS DEARINGS
‘-.‘ .‘.::_.-'-"'. X
Teeelnne
‘...._"_:_.....‘-n ._‘."v.:_
- ;'.'.-Specmexy._g:_‘- S
“:. .' ....-.' N .A .-.’:'- . :'.‘..
IR - R
- e -9, i '-:
Lt ettt c e B 2
[ SEees et Y &
' A\
ReacTiON PLATES e Brass RODS

Fig. 2-11. Twvo dimeneional view of Kjellman®’s triaxiel apparatus.
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PELTIER (1957) uscd a modified éhear box to carry out tests
on various sandas. The apparatus consisted fundamentally of a box
with two oppoeing sides horizontally adjustable s6 that the inter-
mediate princiwval stress could be varied independently. The majox
principal stress was applied vertically as in the standard test,
and the shearing stress was applied horizontally and perpendicqlar
to the intermediate strecs. A skeich of Peltier's apparatus is
given in Fig. 2-12. His conclusion was that the angle of internal
friction is a maximum of five degrecs greater than that predicted
by the Mohr-Coulomb criterion when the intermediate principal stress
is varied. By conducting other standard triaxial compression and
extension tests on the same sands, he obtained a @' in compression
in excess of the ' in extension by about seven degrees. In sum-
marizing hie werk he majintains that the above values of @' are only
tentative, and much more research is reguired to accurately define
the strength characteristics of sands. Peltier's apparatus is
subject to the same criticiem, however, as the standard shear box,
namely that the induced failure plane iz open to question as to

whether it is a plane of rupture or a plane of maximum shear stress

(BISHOP, 1957).
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Fig. 2-12. Fel.tier's modified chear box.

Standard triaxial compression and extension tests as well as
thick cylinder tosts were performed on a medium fine sand by
KIRKPATRICK (1957), to determine the condition of failure for sands.
The triaxiasl tests were used to confirm the Mohr-Coulomb criterion,
while the thick cylinder tests wero devised to obtain values of the
intermediate prircipal stress different from either the major or minor
principal stresses. The specimens in the thick cylinder tests were
hollowed ocut cylinders with an outsiée diemoter of 4 inches and a
bore diameter of 2} inches. The height was approximately 6 inches.

Failure was brought about by keeping the outaide pressure constant
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and increasing the bore pressure until teonsion cracks appeared in the
side of the specimen. Drained tests werz carried out, and the
cross~sectional arean was measured after the spscimen had failed.

The stress system (zes Fig. 2-13) was not uniform throughout the
sample, but the sinplifying assumption of stress linearity through
the eample wall permitted calculations of the major and minor prin-
cipal stresses. By presenting his results on a three-dimensional
stress space disgram (sae Fig. 2-10), Kirkpatrick showad that the
experimental pointe lay near to bkut slightly outside the Mohr-
Coulomb surface. He concluded that the angle of internal friction
is influenced by the variation of the intermediate principal stress
between the limits of the other two principal stresses, and that it
is greater by about two degrees than the corresponding ﬁ' in the
standard triaxial test. His compression and extension tests were in
good agreement, when $'s wore compared, over the whole range of ob-
tainable porosities. No nmesasurements were made, however, of the
corresponding atraine under the stress evstems applied in the hollow
c¢ylinder teats, and it must be assumed that the condition of plane
strain was not definitely achieved. Possibly the slight departure
from the Mohr-Coulomb surface might have been increased had the con-
dition of plane deforuation been adhered to, sincs he concedes that
the general yleld pattern in sand may depend to some extent on strain.

The complicating factor is, of course, that the average principal
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strecses obtained from the simplified stress analysis are probably

not sufficiently accurate to depict the actval failure phenomens under

such strain-contvolled conditions.
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Fig. 2~13. Jali plan view <f holleow cylinder speccimen used
by KIRKPATRICEK (1957), showing stresa system,

CHRISTENSEY (1961) carried ouf mcdel tosis at the Danish

Geotechnleal Institute to deternine the plene active esrth pressurec

in a eend. Although the amain objent of his programue vas to sbitain
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densities and other known parametcrs, the relatlonship between the
void ratio and the angle of internal fricticn was determined by
elimination between formulae. The apparatus used consisted of a
wooden box 100 c¢m. long x 100 ¢m. wide x 50 cm. deep. One wall of
the box was divided into halves horizontally, the top half being able
to rotate about & horizontal axie parsliel to the wall and located
outside and below the wall. The box was filled with sand (level
with the top in cne series of tests, and 10 c¢m. from tha top in
another series, to investigate scale effects), and the wotor-driven
rotatable wall wes rotated awsy from the sand, The maximum readings
on the electric etrain gauge type proving rings existed at tho be~
ginning of the tests when the horizontal sarth preasure correzeponded
to the "at rest” pressurc; ¢ho fminipum readings, which were approached
as the wall rotated, were assunmed tc corresvond Lo the sctive earth
Pressure conditicsn. Zero readings were taken before placing the

sand in the apparatus and after the sand was remcved. To avoid un-
warranted zero drift in the straln gauges the tests were completed
within eight hours. Initial veid ratios were used in the plot of
void ratio versue angle of internal friction. By comparing with a
previously deterrined relationship between ¢ snd ¢, Christensen con-
eludes that "the friction angles found in the present model tests on
plane active earth pressures in send are generally about §° 5°
greater than thoes found in triaxial teosts carried out at the same

initial void ratios" {in the eame cand). ‘the ronulis are plotted in
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BAYTHORNTHNAITE (1960) tested a remoulded silt under a system
of coﬁpound sgtresses by subjociing hollew cylinéer specimens to hydro-
static, axial and torsional stressea. All specimens were consolidated
initially at 100 pei. for 14 hours prior té testing. One ssries of
tests was conducted by lowering the hydrostatic pressure to 40 psi.
and failing the epscimen by inecreasing the axial and torsional loads
in a ratio held constant for each test. (The axial load was applied
as a tensile and a compressive force in different tests). The second
. series consgisted 2f applying particular values of exceass axial and
torsional loads, and then reducing the hydrogtatic pressure until
failure occurred. Further series were cerried out under axial tension
(.0. the standar} triaxial extension test), and eimple torsion with-
out axial force; good sgreement with ithe Mohr~Coulomb criterion
was.achieved in these teots. A substontdzl deparsure from this eri-
terion, however, was found in the first {vwo serdes. Haythorathwaite
neglects to show cither the tabulated results of hie work or the
expreseions relating the principal stresses to the compound applied
strescas. Furtheimore, 1% has been cuggested by WU, LOH & MALVERN
(1963) that Haythornthwaite considercd only total strosses, a fact
which would render hic compsrisons invelid.

The plane strain apvaratus at Tmperizl College, designeéd by
Dr. Bishop with thie assistance of Dr., Wuod, wag used to test a com-~

pacted granulite noraine (WOOD, 1958) &nd ¢ madiuvm-te-fine sand



- 36 -

(CORNFORTH, 1961). The apparatus, a special modification of the
standard triaxial machine, is designed to apply the three principal
stresses at right angles to czach other on a rectengular prism of
s0il. The machine is limited, 1f the plane strain condition is to
be meintained, to the testing of spscimens in compreseion once they
have been consolidated undeyr coanditions of no-lateral-yield. More
complote details of the planc strain test are given in Chapter kL.
Wood carried ouf a seriles of uadraincd teste with pore pressure
measurement in toth the plans strain apparatus and the standaxd
triaxial mechine. Considering failure to occur at the maximum
deviator stress, he found thét the plens strain tests on morsine
gave ¢' = 1.9 pei. and g' = 36.9% while the triaxial tests yielded
e' = 0.2 psi. ard @° = 35010, or & difference in the angle of friec-
tion of almost iwo degrees. If the mazimum principal stress ratio
is considered tc bve the failure point, the plane strain parancvters
c¢' and @' exececed the corresponding triaxzlial parameters by 1.0
psi. (epproximately) and 3090 r?spestively; At failure, the magni-
tude of theg intermediate principsl stress vwas 0.3 timee the sum of
the other two principal streeses. Cornforth's sand tests showed
that the @' in plane strain was %° (looss sand) to 4° (dense sand)
higher than the corresponding (' for triaxial specimens at the same
initial density; and that the intermedimte prineip2l stress was
0.27 to D0.35 tiros the sum of the major znd mipor principal ctresses

for looagse and diuse specimens reapsetively. The results of both
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experimenters showed that the strength of the soils tested in plane
strain was about 15% greater than that obtained from axial sim-
metrical tests. The ratio of the intermediate to the major prin-
cipal stress wae found to be sensibly conatant and approximately
equal to the coefficlent of earth pressure at rest (i.e. K ), for
each soll. With reference to Wood's data, a minor error in the
calculated effective stresses could be possible due to the incom-
plete saturatior of the specimens. The actual pressure in the voidé
of a partly satvrated sample gonsista of some function of the waler
preesure as well as the air prussurs, the latter beinggreater
(BISHOP, ALPAN, BLIGHT & DONALD; 1960). No provision for the
neasuyement of eir pressure we: made, w.lh the result that the ex-
isting effective stressas werc probably slichtly overcatimated.

Recent worikx at the Universlty of iMichigan (WU, I.OH & MALVERN;
1963) on both send and clay has providsd weight te the significance
of the intermediate principal strass in the failure oriteria of soils.
Triexial tests ¢n hollow cylindrical cpecimens as well as standard
comprossion and oxtonsion teests were porformed. The holiow ecylinder
samplos, not unlike the ones tested by Kirkpatrick and Haytheornthwaite,
were nominally of four inches cutside dismeicr and three inches bore
diemoter. (The height is not given bui was probabiy between fivy
and siz inches). Theoy were subjected to independent outside and boro

fluid prescures and an axial load. All teste vwere initially
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i

isotropically consolidated, and then tested under undrained conditions
with pore pressure nmozsurement. The remoulded plastic clay used
-was obtained from a glacisl lake deposit and the two batches tested
had the folicwing properties: Batch 1 - LL = 52%, PL = 28%,

Bateh 2 ~ LL = 563, PL = 27%. Poth baiches werec tested from an
initial moisture content of 40%, and the only obvious diffsrence
betwesn them was in the moisture conteit after consolidation. The
pand used was the part of standard Ottswa sand that pesses the No.
30 =zieve and is zetained on the Noo.50 sigvo. (U.S. standard sieve
sizes). On the clay, the conventional triaxial oxtension and con-
pression tests gave ¢ = 0, and ¢' = 32°, with 1ittle significant
difference in the two types of test. The sand &' values were also
squal in exisnsion arnd compression. Ths authors conclude that the
clay results substantiats the Mohr-Coulomb oriterion, beiter agree-
mept being obtained with the Hvorslev rarameters than with the
effective stress parameters. As a rasult, it was proposed that the
intermediate principal stress has no influence on the strength of
clay. In the eand, however, the opposite was observed; that is,
the intermediate principal otress, when it has a value betwsen the
othor two principal stresces, caused tho angle of friction to be
increasod hy cbout S degrees above that obtained in the extension
and conmpression tests. Hence, the Mohr-Coulomb theory does not

hold for sand when viewed in stress apace.
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One eshortcoming of the otherwise excellent paper was the
omigsion of date on observed strains or deformations. The only vol-
ume change measurcment mentioned occurred during consolidation. In
the conventional triaxial tests on the clay: the relatively quick
rate of testing (3% per hour) could cause inadequate dissipation
of pore pressure, which would in turn involve an overestimate of
the soil strength.

An apparatus has been consgtructed at tne Norwegian @Qeotechnical
Institute that ioc similar to the Impsrial College plane strain de-
vice but much sisnpler in desigr. In it rectangular prismatic speci-
mens 4 cm. wide x 12 cm. high x either 30 or 60 cm. long can be sub-
Jected to compressive stresses; no end restraint is ueed on the
specimen ends as it 1s agsumed that the frictional forces along the
top and bottom platena are sufiicient to maintain two-dimensional
deformation. &ince the spparatus was designed primarily to test
cohesionleses materials, the spocimen is not enclosed in a celil,
and the effectivs latoral pressurs ig ¢btizined by applying a vacuum
to the base of the sampls. The sanple iz. of course, contained
in a rubter membrane. The negative lnternal pressure is held con-
stant for any onc¢ test, and its magnitude is detormined by a mercury
manometer at the top and bottom of the mample.

KUMMENEJE, £1.957), conducted teets on o fine-greined quartz sand

in this apparatus; &nd for comparative purposes in a large (8 cm.
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Glameter x 20 cm. high) énd small (3.6 cam. diameter = 8 cm.-high)
standard triaxial apparatus. He found taat the tosts approximeting
t§ plane strain gave a higher ¢ than the corresponding triaxial tests
for the same porosity at the end of consoslidaticn. The largest d4if-
fcrence occurred in the medium poresity range and was 3-4 degrees
highoer. The vwerticel gtraing at failure were genarally lower in the
plane gtrein spoccimen.

HABIB, {1953), performed drained Lorsion tests on loose

Fonteinebhleau ecand and coumpared them wiith gtandazrd triaxlal com-
rression and extension tests. The spaecinens used in the torsiom
tests were similar in shape to the triniial specimene but were en-
larged at the cnds to ensure foilure in the central zone. Torque
was gpplied through the top cay oo that the sample was twisted re-
lative to the fixed base until failure o:scurred. An axial load
and a confining pressure were applied in addition to the torque.
The principal strossce were calculated from the torsion test results
by assuming the validity of the plasticity theory. Tho stress system
and the Mohr diagram for the torsion test ie shown in Fig. 2-14.

From the triaxial tests, Habib obtained a ¢ in compression

greater than the ¢ in extension by 7° (1.e. g = ¢e + 70). whereas

¢
the torsion tests rroducscd intermediate 7alues of @. No data on the
porosities of the respsctive specimens i3 given. Typical values of

the friction angle are : ¢ (compression) = 32°; "] (extensioﬂ) = 2503



@ {torsion) = 36°. Thesc results indicete that the strength of sand

ig irnfluenced by the magnitude of the irtermediate principal stress.
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Fig. 2-1k. Hrbib's torsion test.

(2.4) Summary

Published work on the ylelding of soils under various loédiug
systens indicates that the strengths of morainee and sands under
plane strain conditicns are greater than those predicted by the
Mohr-Coulomb criterion. Intermediate velues of the second principal
stress tend to lucrease the strength of sands, but have little
apparent offect on clay strength. Hypotheoses sre presented to express
the goneralized yield phenomena of soils in terms of constant para-

meteors.
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CHAFTER III

DESCRIPTION OF APPARATUS

'.The plane strain epparatus was designed and constructed by Dr.
Bishop with Dr. ¥ood's agsistance, and tbe detailed apparatus draw-
ings and descriptions are presented elsewhere (WOOD, 1958). It
| is therofore sufficient to review briefly the main componenta of the
machine and to doascribe in detail only the auxiliary equipment re-
quired for conducting undrained tests on sauurated, remoulded co-

hesive soils.

(3.1) General

The apparatus 1s basically a cell which contains the specimen
and can withstand internal pressure while transmitting a vertical
load to the épecimen. It consists of three parts, a brass top plate,
& bronge body ca:ting and a brass base plate, which are joined by
16 vertical tie bars (see Fig. 3-1). The top plate contains the
stainless asteel rams and the ram housing enclosing the honed bronge
rotatable bushes, The rams, identical twins of ¥ in. diameter, load
the top bearing plate at the quarter points through hemispherical
contacts. Vertlical friction between the rams and their bushes is
eliminated by rotating the honed sleeves with & motor-driven worm

gear continuousl; during a test. 6 parspex observation windows are



fitted into the ®ll body. Originally designed to centre on the tri-
axial machine pedestal, the base plate in long term tests on cohesive
materials sits or a large leaf spring and the spring is centred on
the pedestal. Specimen loading is provided hydrosta@;qg}ly by the
self-oompensating mercury control (as per BISHOP & HENKEL, 1957).
and mechanically (i.e; vertically) by the triaxial machine‘s motor-
driven gear tfain which raises the cell and rams against a fixpd
head, the load béing transmitted through two proving ringp ;nd the
rams to the specimen. The rams are lubricated by oil leads coming
from a pressurized oil reservoir and connected.to the ram h;ueinga.
Anti-rotation lirks prevent the rams being rotated by the revolving
bushes.

The sample, a rectangular prism 2" x 4" x 16", is positioned
on a brass plater bolted to the base plate. A similar platen is
placed on top of the sample and bolted to the 1oading head; Iﬁ~
mediately in contact with the soil on top and bottom is a ptrip of
porspex sheeting 3 in., thick, which acts as a holder tbr the four
porous"sﬁonns. A copper tube (bottom) end a nylon tube (toé) pass-
ing fhrough'the platens connect the porous stones with a nﬁll
indicator or a pressurized volume change measuring unit (see BISROP
& HENKEL, 1957). To isolate it from the cell water, the apecimen
is enclosed in a rubber membrane which passes under the bottom platen
and over the top platen. A machined recess in the bottom platen con-

tains an O-ring which effects a watertight seal with the membrane



- L4 -

around ﬁhe perinmzter of the platen when the platen-is bolted to the
base plate., A gimilar seal with the membrane is made batween the
top platen and tae loading hsad. To prevent cell pressure leakage,
further recesses are machined in the top and bottom flanges of ihs
cell body and the seal is completed agains{ the enclosed O-rings
around the perimater when the cell is bolted.together with the tie
'bars.

An outstanding fcature of the plane strain apparatus is the
0} belt {termed ’end clamp" by WOOD, (1958) and CORKFORTH (1961)).
It is this device that umeintains ths plane strain condition during
shear and enables the mecasuremsent of the intermediate prineipal
Letress; a diagram showing the main components is given in Fig. 3-2,
aud'the asgenbly drawing of Fig. 3-1 depicts its position relative
to the sample. ‘fhe end clamp consliets of two anodised aluminium
plates held in centact with the ends of the specimen by 4 symnetrically
placed tie bars. One eﬁd plate has a shallow cylindrical cavity
with a fairly etiff rubber diapnragrm cover which iz held in position
by an dluminium ring. A ztiffecing disc and a loading disc are
sorewed to the diaphrdgm such that the rubber forms a slightly
flexible annulus. The loading disc trancmits pressure to the sample
via the removable face plate. The hollowed out end plate, when
filled with de-alred water, forms the hydraulic cell which rermits

the epplication of the internmediate principal stress with a control
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cylinder through the saran lead connected at the top of the end plate.
The saran tubing is connected to s nuli indicator which is calibrated
to compensate for the elastic distortion of the tie bars, diaphragm
end other parts of the pressure system. The calibration curve is
shown in Appendix I. A thin film of silicone grease is applied to
the end plate faces in contact with the epecimen'to minimigce end
friction as the sample deforms during the test. The coefficient of
Iriction between the greased aluminium and the rubber membrane as
determined in the shear box was found to be M = 0.024; the maximum
effect of the end friction on the deviator stresa at failure was in
the ordgr of O0.3%. |

Lege are provided for the plane strain appﬁratus when it ia
removed from the triaxial machine pedestal; horigontal and vertical
stabilizers are fitted to maintain equilibrium under operating con-
ditions (see Fig. 3-1).

During a test, cell pressure is moasured by a Bourdon-type
gauge, vertical load is registered on the proving ring dials, and
the pressure required to maintain the plane deformation condition ie
obtained from another Bourdon gauge connected through a null indicator
to the Gé cell. Changes in specimen height are determined from two
dial gauges, one connected to the horizontal arm of each ram. Volume
cpgnges in the specimen occurring during consolidation are obtained

yy recording the change in mercury level in the calibreted voluame
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change mecasuring uanit, and pofe Pragsurie are read from a third
Bourdon gauge. The apparatus used for applying and/or measuring
the cell pressure, pore pressure, voelumae change and deviator stresg
are part of the standard triaxial equipaent and more complete de-
tails are given in BISHOF & HENKEIL (1957); the apparatus for
meaauring the intermediate principal siress is adequately described
by wodD (1958). Fig. 3~3 gives the prossure system layout.

The additional equipment used in “he testing of clay specimena
conasisted of the following:

(a) K, belt and accessories for indicating departures
from the zero-laterel~sirain condition during
specimen consolidatinn;

(b) a servo-mechanism, connected electrically to the
lateral strain indicator, to activate the motor
for deviator load application (during consolidation);

(c) a leaf spring positioned between the plane strain
cell base and the triaxial machine loading shaft
to minimize the relaxation of load on the spacimen
when the deviator motor was periodically off during
consolidation.

(d) a small motor and gear train arrangement for gra-
dually increasing the cell pressure.

(e) A Kopp variator.
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(3.2) Lateral Strain Indicator

The Ko apparatus was first designed at Imperial College to
maintein the zero-lateral-strain condition in Loinch diameter tri-
axiael samples during consolidation. Tho apparatus used for the plane
strein tests io of the samo principle but with some modification
to suit the specimen shape. VWith the pussing of time a few improve-
ments have bsen incoryorated also.

The lateral strain indicator consists of a belt which surrounds
the sample, & psrspex unit containing a mercury reﬁervoir and a
glags standpipe with a capillery bore, ¢ foot arrangement linking
the indicator and the specimen, and a pulley and c¢ounterweight system
for support. The belt is comprised of iwo ¥ in. square aluminium
bars running along cach side of the specimen and hinged at one end
with two short bars of the same cross-section; the longitudinal
bars are each necked to % in. wide (plar view, Fig. 3-4) near the Gé
end plates for additional clearance, an¢ stiffener bars are added
adjacent to the specimen. The device containing the mercury reservoir
is screwed on one bar at the unhinged end and an adjustable perspex
probe is fitted to the oppoeing bar. 1In Fig. 3~5, details of the \
perepex unit for modifying the lateral strain are given; a small
movement of the button against the polythens diaphragm produces a
large height change in the standpipe mercury c¢olumn. A rectangular

pieqe of perspex sheeting and a ball bearing, located approximately
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at mid-hoight and mid-lengtn of the spccinen, comprises the foot
arrangement of the indicator. Lven with a light coll spring at the
open end holding the belt and feet against the sample, further sup-
port was required to keep the indiocator in position during the test.
This was effecied by adding counterweights strung over pulleys
poeitioned on the loading homd. The assembled inéicator is illus-
trated in Fig. 3,

After the assembly process, final. adjustments to the perspex
probe are required to snsure that contact is made with the button
in front of the mercury reservoir and that the mercury thread is 4in
the proximity of the platinum wire. Whan the test is in progress,
any deviation from the condition of zero-lateral-strain (i.e. any
latcral movement) is transferred through the perspex feet and ball
bearings to tho belt, whence it is registered as a change of-height
in the mercury thread. The magnification of the lateral movement
in the specimen is about 300 to 1 in tho device shown in Fig. 3-5;
that is, for each 0.00l in. that the sanple strains laterally, a
change in height of 0.3 in. is registercd in the mercury thread.

(By obeervation, it has been established that a mercury thread move-
ment of less than 0.1 in. is all that ic required to activate the
servo-mechanism; therefore, the actual lateral movement of the
sample during consolidation is in the order of 0.0003 in., which is,

for all practical purposes, approximately equal to sero lateral streim).
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Modifications to thz leteral strein indicator ceatre around
the mercury reservoir unit and iuclude the addition of a de-alring
scres, the introdiuction of a raised riw on the front plate to pinch
the diaphragm and the addition of a coned hole at the btase of the
standpipe. The most eignificant medification was the incorporation
of a de-airing screw, without which ruch time was gpont in rendering
the chambor sir-free. (Entrapped air in the reservoir causes the
height of mercury in the standpipe to vary when the device is sub-
Jected to an all-round pressure change, the consequences of which
impair the accuracy of the Ko consolidation). The raised rim on
the front plate =ffected a better scal when the reservoir cell was
assembled, and tae coned hole, by replacing a sharp discogtinuity'
with a gradually reducing cross-section, snabled the mercury column

to be less susceptible to breaking.

(3.3) Servo-mechanism

.. The maln components of the sservo-mechanism used to_automatically
control the Ko consolidation stage of the plane strain teet are as
follows:  a bell transformer, a capacitor; two electro-magnetic
switches and a cam-opsrated switch systen. The mgnual two-way aswitch,
the K, (switching) device, and the pilot lamp are the other com-
ponents shown in the circuit diegram (Fig. 3-6) which are not part
gf the servo-mechanism unit as such but, with the excoption of the

lamp, are essential to the operation of the eirecuié.
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The transiormer reduces the maine voltage of approximately
240 volts to 5 volts. To prevent excessive sparking in the S5-volt
circuit when the Ko switch ie clozing, & 1.5 uf. cepacitor ic added
in parallel to the coll of AW, FElactrc-magnstic switch "A" when
excited complatez one circult, wherecas "B completes two circulis
when excited, one being its ocwn and the other bhelng the deviator
motor circuit. The ewitches in A" and "B" are normally open and
are closed only vhen their respsctive coils are excited. The cam
operated switch systen consists of twe awitches, mechanically joinad
but electriczlly insulated, which are mctivated for about 3 smoconds
once cvery ninute by & meotorised cam being rotated at one revolution
per minute. The holding switch is norwally c¢losed and is oponed
for 3 seconds by the cam, while the cther switch is normally open
and is closed fcr 3 meconds. The wasnusl tvwo-way switch, which ia
actually a pari of the triaxisl wmchina, is used to siop, start or
reverse the deviator motor; for the present discussion it will be
agsuned that the switch is closod, slthough the servo-mechanisnm
operation could he explained without refcrence to tho deviatoy motor
eircuit at all. The KO (Bultehing) dovice or the Ko switch is theo
alectrical aspesct of the lateral strain indicator described in the
previous eection. When the conselidation stage of the plane strain
test ig in progroas, sn incresse in specimen width lowers the mercury

in the stendpips end thus opeus the K_ switch;

LY

convernely, when the

sppecimen deereasss la width the X switeh closez. The pilot iemp
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was connected irto the servo-mechanism circuit to visually indicate
when the deviator motor was on.

The oparation of the servo-mechanism is as follows: \thsn the
cam oporated switches are activated for the thrue second interval,
the holding switch is opened and its twin ia closed. If the Ko
switch is open, no circuit is completed and tne deviator motor re-
mains stationary. If the Ko switch 1is closed, tho 5-volt circuit
is completed, the then exoited coil in “A" closes its corresponding
switch, and current is allowed to flow to the coil in “B" thus
closing the swiiches there. Consegquently, the deviator motor cir-
cult is compleotcd and the motor starts. Tho motor is kept running
after the three second interval becausc the coil in "B" romains
axcited. This is accomplished by the rolding swlitch closing again
and, Gue to the inertie of the componeats in "BY, the current
flowing through the closmed swiich in YE" and thue through the coil.
As long as the Ko switch remains closed, the deviator motor will
keep running. then the Ko switch opzns, the deviator motor is wot
stopped until the cam opsrated switches are activated for the three
second interval. The pilot lamp is illuminated only whon the coil
in "B" is excitod, and hoenmco goes on and off with the deviator motor.

This scrvo-mechanism appzaratui: was designed and constructed

by Dr. Biéhop in 1958. The cnly rodification since that time was

the addition of the pilot lamp.
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(3.4) Leaf Spring

To minimise tho relocration of applied vertical load on the
specimen during consolidation when the deviator motor is off, a spring
was added between tie cell base and tho loading shaft of the tri-
axial machine. Space limitations requilred that a leaf spring be
uged inctead of a coll spring, and efficiency considerations necessi=~
tated a spring stiffness less than the c¢oubined stiffness cf the two
proving rings. The result was a simply supported leaf spring of
three (high tensile stecl) leaves that would transfer a 3000-1lb.
load at mid~-span with a maximum total (calculated) deflection.of
% in. The leaf combination is shown in Tig. 3-7.

The length of each 1 in. thick leaf, for the flexibility de-
aired, was calculated as 35.1 in. and the resulting maximum fibre
streas under the 3000-1b load was &4,100 psi. The spring conatant
thus became 4000 1b./in. whereas the combined proving ring constant
was 54,600 1b./in. The ratio of the constants iz 13.6 which indicates
that the spring is 13.6 times as flexible as the twin proving rings
under the given load,

The components of the leaf spring (see Pig. 3-7) are: one
leaf & in. x 2 in. x 42 in., two leaves cack 2 in. x 1 in. x 42 in.,
an end shackle connection, a cap for the loasding shaft and a bridge

for the cell,

The 4 in. wide leaf is positioned .longitudinally under the
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centre of the cell and over the loading shaft, with the 2 in. leaves
located on each side. Grooves, 39.1 in. apart, are cut for the
stainless Bteel roller bearings in the top of the centre leaf and

in the bottom of the outside leaves at each ead. Conrnection between
the three leaver ie made by the end shackle arrangement depicted

in Fig. 5-7. A mild steel cap is used to join the centre leaf to
the loading shaft and has a locating pin ter the spring. A mild
steel bridge, spanning the centre leaf, allows the plane strein cell
to be supported by the outside leaves. Flats are machined on the
leavee to provice a ceating fovr the loading cap and the bridgs.

During a test, load is applied to the bottom of the cenire
leaf by the triexial machine and is transferred to the cell via the
ond connections ané the outaide leaves through the bridge. Fhen
the deviator motor is on, the spring rectards the specimen loading;
when the motor is off; the spring minimises the load drop-off caused
by continuing ccnsolidation of the sample. The spring is intonded
primarily to prevent excessive load@ fiuctuation during the ceon-
solidation stage, and is redundant during the shearing process.

The total deflection of the spring consists of the sum of the
centre leaf defloction, wvhich is upuvard, and the averags outside
leaf deflection which is downwerd. DBecause the maximum clearance
between the centre leal and the cell bass wos designed as % in.,
loads groatcr than 3000 1b. wove nct carried by the spring but wore

transferred dircctly through the ¢snire icaf? to the cell. Tho apring
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wasg designed to take only compressive loasds. With the addition of
the leaf apring to the lcading system; the load drop-off during
consolidation was reduced by about 93% since the maximum loads at-

tained during this stage never excaeaeded 3000 lb.

(3.5) Motor and (lear Train Arrangement

Since the consolidation process lasted several days, it was
considered expedient to increese the cell pressure at a constant rate
instead of increneantally, so as not to cause sudden changes in pore
preasure or sampie dimensione. This was effected by increasing the
height of the mercury pbt of the self-compensating mercury control
with a small motor-driven gear train. Diffsrent rates of cell pres-
sure increasec could be obteined by using different gear ratios, the

alowest rate being 1.85 psi. per 24 hour day.

(3.6) Kopp Variator

By incorporating a Kopp variable speed unit into the triaxial
machine, much finer control of the rate of axial atrain was made
possible. The advantage of the variator was that the strain rate
could be adjusted when the deviator motor was running, a fact which
permitted the required decrease in strain rate during consolidation
to make the rate of deviatoric stress epplication comparable to the

constant rate of cell pressure increase. (See Chapter 5). The

variator could a’so be used te change the testing rate during the
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shear stage if desired. The unit waes located between the triaxial

machine motor and its gear treain.

(3.7) Triaxial Apparatus

For the sand tests in this thesins, standard large diameter
triaxlal compression and extension test% apparatus were used in ad-
dition to the plane sitirain device. Tho triaxial compression equip-
ment is described in BISHOP & HENKEL (1957) and the extension ap-
paratus is given by CORNFORTH (1961). All triaxial tests were
congolidated with the aid of the zero-lateral~atrain indicator

s8imilar to the one shown in BISHOP & RIENKEL.



NOTES T DRAVIKGS

Fig. 3-) : Plene Strain Avparatus - Assembly Drawing

Section A-A

1.
2o
3
4,
5.
6.
7.
8.
9.
10.
11.
12.
13.
1k,
15.
16.
17.
i8.
19-
20
21.
22,
23.
24,
25.

26.
27.
28 [ ]
29.
30

3.
32.

Head of Trinxial Apparatus

Head of Adaitor Bar

Adjusting screw

Frictionless guide

Vertical guide bar (or vertical stabilizer)

Proving rinpg and disl gauge

Anti-rotaticn links

Vertical loading ram

Vortical friction eliminator (rotating bush typc)

Ram and busli housing

Cell top plato casting

Cell body ceasting

Porspox obscrvation window (6 No.)

Coll basc plate casting

Tio bar (16 ¥o.)

Soil specimea

Rubber membranc

Top platen

Top loading asad or becring plato

Forous stoncis in perspex helder

Bottem platcn

Bridge cpanring centre leaf in spring assembly

Spring assenbly

Lead to soil specinmen

Apparatus fcor measuring intermediaitie principal stress
(G, end clanp)

Lead to null indicator of internmediate principal stroso

Cell pressure lead

Air relecase valve

Ko bolt

Hydraulic jack

Icad to hydraulic jeck

Toading shaft of triaxial apparatuo



Soction B-B

33. Castor oil lecnd %o ram

3%, Arm for vertical dial gaugs

3%. Dial gouge for oxial deformation

36. Herizontal guide bar (in centre of apparatus - added
to B-B as ar extra)

37. Countexrweights for K belt

38. pulley and ciring supporting K, volt.
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stross
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Do=giring scirow.
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CHAPTER IV

SOIL_PROPERTIES

(4.1) Clay

The Weald Clay used in this programme had

perties:

Liquid Zimit ¢« « ¢ ¢ o ¢ ¢ o o o &
Plastic Linit . . « . . « « . « « &
Field Moisture (approx.i . o u e
Clay Fraction (% < 0.002 ma.) . + .
Standard Proctor Values:
Max. Dry Density « « « &+ +» ¢« « .
Optimum Moisture . . . . . . . .

Specific Gravity of Particles . . .

Vertical Permeability - kv(i=81.5) . e .

Horizontal Permeability -kh(i=8105). . .

the following pro-

bl - 4o
18% - 20%
20%

37% - 3%

109 1b./cu.ft.

17%

2.714 % 0.003

2.39 x 10”2 om./sec.

1.45 x 10~2 cn./sec.

The scatter in the Atterburg limits over the three year testing

period was probably due more to the techniques of the four operators

involved than to a real change in the soil propcrties; non-homogeneity

of the large stockpile of material, however, could account for some

of the differenco in the limits obtained.

The field noisture given ie a rough approximation of the water
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content in the samples ohtained from the fiold and subsequently
selected for the testing programme.

Hydrometer analyses were performed on treated and untreated
clay samples according to the standard specifications (BSS 1377/1948)
and the resulting sedimentation curves are shown in Fig. &4-1,

The permeadbility tests were carried out on a cube of soil
(1% inches por side) carved f£rom a plane stirain specimen (No. WC 17(o))
that had been aniesotropically consolidated and then sheared to
failure. It wars assumed that the shearing process did not signi-
ficantly alter the anisotropic structure, and, by passing water
through the appropriate crose section, it would be possible to
measure the horizontal and vertical permeabilities and detect any
difference between them. The cube wes subjected to an all-round
confining pressuvre of 10D psi. and an average back pressure of 36
to 38 psi. (depending on the magnitudo of the hydraulic gradient).
The hydraulic gradient (i) across the cube was varied from 28 to
137, the most reliable values of pormesbility being obtained at
i = 81.5 (kv = 2,39 x 10“'9 cm./sec.) and 1 = 137 (kh = 2.44 x 10-9
cm./sec. ). For purposes of compariecn a linear relation between
k and 1 was assumed, and hence by interpolation the tabulated values
wore derived.

At the request of Mr. V. Sowa, a collemgue who ic conducting
the complementary triaxial iest programms on Weald Clay, the Building

Research Station, Garstcn, Watford,Herts., psrformed a mineralogical
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examination on the clay and their report is as follows:

SUMMARY .

D.t.a. and X-ray analysis showed the material to consist
mainly of illite ané fine quartz with a little chlorite and
kaolin. The coarser fraction con:isted mainly of quartz
with a little pyrito.

PROCEDURE

A preliminary d.t.a. of the malerial passing a 300 mesh
sleve indicated the absence of calcite; a small exothermic
organic pezk at 388°C suggested the presence of only a
little organic material, insufficient to warrant hydrogen
peroxide treatment.

The material passing a 300 sieve was dispersed in water
with the help of a few drops of 0.880 ammonia and the
coarser particles allowed to settle. The sugpension of
fines was filtered and dried in air.

Powdsr X-ray analysis of the fines indicated the presence
of much quartz and illite with & swall quantity of chlorite.

Treatment of the material with glycerol produced no 17.7 A
spacing on the X~ray film, so montmorillonite was absent.

Treating the material with hot 2N hydrochloric acid des-

troyed the chlorite spacings, but a spacing of 7.2 A was
unaffected, showing that kaolin was also present.

Hoat treatment below 600°C destroyed the chlorite spacings
showing that the chlorite was very poorly crystalliged.

Analysis performed by:

Bulilding Research Station,
Garston, Watford, Herts,

27 February, 1963,
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(4.2) Sand

The material used in the secondary programme of this thesis
was a fine, uniform, quartzite sand from Belgium (sable de Mol) and
has been termed simply Belgium Sand throughout. The grading curve
is depicted in Fig. 4-2 and shows that most of the sand grains are
between 0.1l and 0.5 mm. in diameter. The specific gravity of the
grains was taken as 2.65, and the maximum and minimum porosities,
reported by LADANYI, (1960), were 47% and 36%. Further sand charace
teristics and properties can be seen in ladanyi's paper and will not

be described here.



-\
R T
i
n, L ]
t
4
i
-
e e ——— - R S ——
_
e s V-
]
...N.. ”- -
. w .
T
=
_ . a
¢
T
= .
& z
o i <
w 14 1§
Mo
— uw
s MDL
-— m.—-.x. - w
3,
o
<
ISR ¢ N _ .

|
i
|
t )
. .
[
[ — e
i ]
~ e - et
. A - o
i (
NI |
A - - -4 -

.

M
m
[ -————— a T - —
@ i
i
Wz
o >
!.Jv..j e ]
[
— B S R
IIL —_—— e - e -
i
R - - AWLv e - -
!
SRR S — .
¢
i
- - - b -— - —
— - | ]
\e __
x
/ i
. i
® I R
/x Y e e
P
;
SO
i
b el
i -

0.001

1008 -

90

80

“le

70

60

ONISSYd

50

Q
Al

NOLLYWINNS

30

20}~

10

0.0001

FI1C.4-1

MM,

1

SIZE

PARTICLE



*fe

PASSING

SUMMATION

100

90

80

70

(630)

40

30

20

10

o \ . : . ! [
i ] : ; ! ) i . T
i S ‘ | '

GRADING CURVE ; FOR @ | © - o ? N
; ; . i i | ! ! i o
H : . . .

BELGIUM _SAND. (SABLE DE MOL)L .. e P T

' i
? . P
P
) i i 3 | i }
. - [ ; b
3 1 4 l
| | ‘
L.
N ] 1
: \
t
. AFTER _LADANYL
P 1
B j !

. {1s6C)

0.01

. “ - !
010 2 3 4 € b A%y

PARTICLE IZE MM,

FIGC. 4_j2 J




CHAPTER V

DESCRIFTION OF THE TEST and TEST PROGRAMME

(5.1) Description of Test

A sanmple of remoulded cohesive .Boil tested in the plane strain
apparatus is subjected to a consolidation stage and a compressive shear
stage. The consclidation of the specimen is performed by gradually
ihcreaaing the cell pressure by raising the mercury pot with the
small motor and gear train arrangement end allowing the deviator stress,
as directed by the servo-machanism, to maintain the zero-lateral-
strain condition. (Previous experience (FRASER, 1957) shows that
internittent deviatoric‘atrees application to effect Ko consolidation
is preferable to intermittent cell pressure variation). Care must be
‘taken to ensure that the rate of increase of deviator stress is
greater than the rate of increase of cell pressure as the servo-
mechanism is designed to imterrupt only the deviator stress e¢ircuit;
if the cell pressure rate were faster, the deviator stress would never
catch up and departures from the Ko condition would result. The rate
of strain is therefore adjusted periodically with the Kopp variator
s8o that the deviator stress is being applied about 70% of the time.
Ideally, however, to simulate the natural phenomena of sediment de-
position in lakesn, oceans, etc., tho ratio of the rates of lateral
to vertical pressure application cshould be equal to the coefficient

of carth pressurc at rsst, but this iz net readily ottained. With
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increasing consolidation, the specimen continually gets stiffer,

and the deviator stress increases more rapidly with time for the

same rate of strain; consequently, ccontinual, not perilodic, adjust-
ment of the strain rate is essential to obtain a constant rate of
deviator stress application. To more closely mpproximate the natural
phenomena, extensive modifications would have to be incorporated

into the existing equipment.

A prerequlisite of the plane strain test is that the specimen
be consolidated under conditions of zero-lateéral-strain, i.e. Ko
conditions. The end clamp, which is positioned when the apparatus
is being aassemblad, cannot be reset after the test has commenced,
and hence the sample must retain its initisl length during consolida-~
tion (as well as during the shear stage) if two dimensional deforma-
tion is to be effected when shearing.

The duration of the consolidation stage of a cohesive spscimen
is a function of its permeability, the effective length of the drain-
age path and the final consolidation pressure, Considering these
variables, consolidation of the plane strain specimen requires one
to four weeks for adequate dissipation of pore pressure for this
soil.

For all practical purposes, the condition of zero-lateral-
astrain is adhered to during the consolidation process; however, some

strain has to be tolerated to activate the servo-mechanism and thus

apply the devietor load. The magnitude of the laterzl deformation
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depends on the sansitivity of the lateral strain indicator, and is in
the order of 0.0003 inches. Information on the value of the co-
efficient of earth pressure at rest (Ko value) can easily be obtained
trom the consolidation stage. The specimen's lateral oscillations
provide the limits of the coefficient, and an average value c¢an be
calculated. The limiting conditions occur when the deviator motor
just comes on and just goes off; it is at these times that readings
of axial load and axial deformation, cell pressure, and volumc change
are taken. When the deviator motor is off, a more or less constant
load is maintained on the sampie by the leaf spring. At the
termination of the conecolidation ctage, the miniature hydraulic jack
(see Fig. 3-4) is utilized to push the longitudinal bars of the
lateral strain indicator apart, thue allowing the perspax feet to
drop from position,

The compressive shear stage is conducted in the standerd
way by maintaining the csll pressure conatant and increasing the

deviator load urtil feilure such that 0i> Gé> 0}. The duration of
the shear stage is of the game order of magnitude as the consollidation
stage and variee from one to three weeks dGepsnding on the axlal

strain required. Twe or threc ssts of roadings daily are sufficilent
to define the characteristics of the soil. Readingas of pore preaéure,
vertical load, intermediate principal stress end axial deformation

are taken. Pore pressures aré measured ot the top and bottom of

the agpecimon, ard values of the intermediate principal atreess are
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calculated from predetermined calibration curves (aes Aépendix 5).
The deviator stross and the exial etrain are ohtained as in the
standard triaxial test.

To maintéin the plane strain condition, the magnitude of éhe
intermediate principal str;ee (ternied 02),18 adjusted to keep the
mercury thread in the null indicator at a height, previously calib-
rated, corresponding to no chaenge in specimen length. When dé is
manually controliled, the Oé c6ll is isolated from the null indicator
between readings and overnight. As the deviator streses incrcases
during this time, the soil tends to deform longitudinally and the
pressure in the Gé cell increases; as & result, the eystem expands
elastically and some departure from the no-change-in-length condition
occurs. The maznitude of the departure depends on the time interval
between readings and the rate of deviatoric strese increase. By
taking at least two readinge a day in a test which is being sheared
for 15 days, the incremental change in length is reduced sufficiently.
for ali practical purposes, to maintain the plane strain conditlon.
Corresponding to this incremental lengih increase, howsver, is an
increase in the measured value of Gé as the soil is forced back to
its original length by the roquiremente of the calibration. The
resulting scatter in the calculated Gé values can be minimizcd by
decreasing the axial strain rate or shortening the interval between
readings. A reduction in the rate of ctrain during shear unnccessarily

adds to the testing tims and increases the risk of apparatus brealdoun
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due to leaks. Wcre frequent readings is a better solution, the
ultimate being continvel adjustiment or autonatic control of Gé in a
manner similar to the Ko consclidation technique. By positioning
a longitudinal strain indicator hetwecn the two opposing end platee
of the Gé belt and connccting it clecirically to a sgervo-mechanism,
a motor-driven ccatrol cylindes can b3 insorted into the O

2
system to vary the pressure in the Gé celld as directed by the indica-

preasure

tor. (Autoustic control was sttompted in secveral tests with only
one success, WC 113 3its use was limited, howaver, as it proved
unreliable with Che existing epraratus. Tho slackness cf the re-
movable face plaie generally causcd the mercury in the standpipe to
move erratically and sometimzs either overflow or disappear from the
standpipe altogeiher). Nevertheless, eatisfactory values of the
intermediate principal cirecs can be obtained with relstively fre-
quent manual adjustment Quring the shear stage.

Sample wel;sht and dimensions are fietermined beforc the apparatus
are sesembled. Saturation of the specimon is eifccted prior to the
consolidation stogo by the application of a back pressure Lo the
top and bottom tiirough & volurie change mensuring unit. Although
nececoary during ceongclidation, the leaf spring ond leteral sirain
indlcator are no: sssentisl for thce shear stage.

Plane strain tests or cobesionless meteriels cre cssentially
gimilar to tests ca cohepive soils. Howover, duc te the high per-

meability of sands, they can be %tocied ia o fer hours compared to a
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fow weeks for olays. The Ko consolidation stage can be effected
manually without the aid of the leaf spring or the gervo-mechaniem;
the addition of the lateral strain indicator is advantageous but not
essential if the wvalues of Ko are known. The intermediate principal
stress during shear is determined in the same waznnor as cbove. For
furthoer details on the plane strain testing of sands, see CORNFORTH,

(1961).

(5.2) Test Progremne

(a) Plane Strain Tests

Ae denoted in Chapter I, both sand and clay teste were performed
in the plane strsin apgaratusc. All fcets were normally consolidated;
the sand specimens were testsd under drained conditions after bsing
consolidated %o an effective luteral pressure of 40 psl.. vhereas the
clay tests wore undrained with pore pressure measursment and wvere
consolidatcd under variounsg offcctive cell pressures ranging {rom
25.0 pei. to 96.7 psi, The cluy spscimens were maturated by a back
prescure of 20 to 35 psi. The sand somples wers droined to atnros-
phere and thues ths poreé precsurc was considered to he mero throughout
the test. HMoisturo contents wore determined in the clay specimcne
after failure had occurrcd. JTa the VYeald Clay tests, cech test is
prefixed by the letters WC and the number of the test follows the
letters, i.c. Wecld Clay tecot number four ie denoted as WC'. Some

tests ere suffixcd (0), which indiccoies that the sampie wae initielly
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consolidated under a small load in tho ocedometer, such as WC17{0).
The Belgium Sand test nos. ere prefixed by BS and the triaxial ex-
tension tests arc suffixed by E.

Fifteen clay tests were completed in the plane strain apparatus
and are includea in this thesis. All but one were Ko consolicated;
that one was isotropically consolidated to ianvestigate the effects
of a different consolidation method on the strength properties. All
apeciuens, except the last four, were subjected to plane straln
conditions; the last four werc tested without the 6} belt or end
clamp in position. As mentioned previously, all the cley spoclimens
were sheared in compression under constant cell pressure.

Eighteen plane strain tests werc psrformed on the Belgium Sand.
The initial poroszity (i.e. the porosity before Ko consolidation)
varied from 37.84 to 42.5%. All apocimens were consolidated to 40
pei. effective 2ell pressure and then sheared in compression with

the coll pressurc held conetant.

(b) Triaxisl Teste

No triaxial tests were conductied on clay.

Fifteon atandard large diameter triaxial compression tests were
performed on the Belgium Sand. The initisl porosity varied botween
37.€% and 44.4%. To enable comparisons to be made with the plane
strain tests, thc samples were Ko consolidated to an effectivg cell

pressure of %0 pzi. snd sheared with the cell prossure constant.
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Four large diametor triexial extension tests were successfully
conpleted on the Belgium Sand; the specimens were Ko consolidated
before shearing. The inliial porosity range'waa 39.3% to L42.7%.

The c¢oll prsesure was maintalned constant during shear and was 40

pei. for one test and 140 psi. for the other three.

{(¢c) Osdomster Tesis

To prepare clay specimens for the 2lano strain test, it was
found advantegsious to ccnselidate a samsle of clay in the large
osdoneter (9 in. dia. x 5 in, deep) under a small effective strese.

Seven speclimens were prepared in this way.

(d)AOther Tests

Classification tests to determine “he properties of the Weald
Clay ueed wore carried out. These included Atterberg limits tests,
hydrometer analysee, specific gravity tests, & standard proctor test,
and permeability tests. When a sample was being prepared for the
Plone strain test. moisture content contiol wes maintained by per-

forming tests in the miniature vane apperatus,
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CHAPTER VI

TEST PROCEDURE

(6.1) Specimen Preparation

The material used for the main part of this thesis, teald Clay,
was obtained in May, 1960, from the excavated piﬁs“of fhé London
Brick Works in Dorking, Surrey, by Dr. Henkel and the author. Throe
samples wore taken from depths ranging from ten to twenty feet below
the oripginal ground surface. Two of the samples were found to have
an avorage liquid limit of about 46%, and these wore gelected for the
test programme because of thoir similarity to the Weald Clay proviously
teated at Imperial Colleges |

To obtain a homogenceous batch of material, the samples were alr-
dried and pulverized sufficiently to pass the Ho. 8 British Standard
sieve; then thoroughly mixed 3n a lorge (3-foot diameter) cement
blending mnchiné, and finally saturated with liberal quantities of
distilled water. The dry weight of the resulting mixture was between
250 and 300 pounda. All plane strain specimens, as well as the tri-
axial specimens tosted by Mr. V. Sowa, were prepared from this batch.

Two methods of prepzring the plane strain specimons were uscd.
One consigted of setting up the mould used for eand teets.(see
CORNFORTH, 1961}, and forming the opecimen by placing the material in
the mould with a spatula. The other method consisted of slightly pre-

consolidating a large sampls of the material in the oedometer, and
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zhen carving the plane strain spscimen from the oedometer sample.

A description of tho two methods is given helow,

(a) Mould Method

A batch of wet clay weighing about 16 1lb. was obtained from the
stockpile and thoroughly mixed to a moisture qontent of approximately
34%, Earlier work on Weald Clay (GILBERT, 195k) had shown that,
for a standard triaxial.samp&e 1% in. dliameter x 3 in. high, a shear
strength of 1 pui. as determined ir the vane test was necessary to
prevent sample slumping during cpparatus assembly. On this premise,
a moisture content of 34% in the present Ueald {lay was considered
adequate to prevent slumping es it corresponded to a vane strength
of 1 psi.

The mirzing tiwe varied with the initiel moisture content, bub
1t generally tool: about two days and o third day for the equalization
of pore pressures that reowlied from mixing. HMolsture contenti cone
trel wvas effectoed with the vane apparatus; random sgmplos from the
nixed batch wers tested during the remoulding process and just prior
to the moulding of the plane gtrain specimen to cnsure a uniforn
moisture content throughout. The elimination of the larger particles
just passing the Ho. § sieve also cdded to the mixing time,

yhile waiting for the clay batch to nmaturs, the plane sirain
apparatus and mould were madg ready. The apparatus base with itsc legs

in position was isdlaced on the bLezach and the bolis Jjoining the bottom
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platen to the beso were removed. After the fubber membrane was fitted
between the platen and the base, the bolis were screwed down securely,
the legs were reroved and the base positioned on the leaf spring.
Since the base was supported hy the spring only at ite mid-point
longitﬁdinall& it was necessary to block vp the base at_its‘ends to
prevent tiﬁpiné éuring the moulding procees. The perspex holder,
which poai%ioﬁs the fouw rorous stones, woB screwed to the bottom
platen.. ”he mouid parts were placed around the platen and bolted
together zo0 as to Firnly pinchh thce membraue around the perlphery

of the platen., The membrans was then stroiched s0 that its upper
cdges could he tuvrned over ithe recessgd edges of the mouléf _Ié was
held in this posi%ion by small clips placad st intervals arouna the
top of the mould. De-aired water was passed through the bo@tom
drainage lead uwpvards through the porous stones to ensure tnat no
trapped air vas prozaent, end thon the excass wvater wes mopped up,
Filter strips %‘in. wide = 8 in. long cut from Whatman's No._5h
filter papei were plaéed along the length of the bottom plateg éo

as to intercoﬁnect the porous Btones. Here filier strips wefe wetted
and positioned inﬂa "§" shape vertically, down one side of the mem-
brane wall, across the bottom and up the other wall, The spacing

of the atriééAwas approximately 1} in, from centre to cenfre. At

the ends of the mould, two strips were placed on each in an "L" shape

running down the end wall and connecting the strips on the botton.
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The average length of the filter strips on the onds.was 6 in. and along
the mides 10 in. The cverlap wvas allowed tc hang outwards until fthc
specimen was moulded, and then it was folded over the top of the
specimen. Whatmen's Ho. 54 filter raper is recommended by BISHOP &
HENKEL (1957) becouse of its wet streagth.

When the cloy was sufficiently matured, it was placed in the
prepared mould with a spatula; considerabie care had to be exercisad
to avoid disturving the filter strips. Tha clay was pleced in hori-
zontal layers or 1lifts until a height of about 4 in. was attained.
(Because of the addition of the leaf gpring benezth {he cell, the
amount of height availeble for the sampleo was limited to % in.).
Filter strips were then placed on top of the specimen in the same
manner as on the bottom platen, and the overiap from the vertical
étrips was folded into place. The c¢lips anchoring the membranc
to the top of the mould were removed and the membrane was allowed
to come back to its normal position over the sample. Vator was
passcd through th2 top drainsge lead to »id the system of entrapped
alr; however, i% was 4ifficult to maintain this de-aired condition
as the porous stoares affized tc the lop pleten wore face downwards.
The coarse stcres used throughout the testing programue invarisbly
allowed some water o escape from beomeath the perspex holder, thus

~

creating pockets of air in the system. (The amount of air presant
was reduced to negligibls proportions Ly tho application of a bhack

pressure prior to the conselidation ctage). The top vloten wmas
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positioned on th: specimen and the membrane was drawn over it. Then
the loading head was put on and screwed down tightly to obltain a
good gseal with the membrane and the rlasten. The sample was allowed
to stand for a f:3w hours vith the mould in position so permit further
squalization, anl then the mould was removed

Before the plane sirain avparatus waz essembled, measurcments

vach of the

of tha @pecimen 'ere talken. Siv width nospursments ob
three glevations, top quarter-polnt, id-hcoight, aud boitom guarier-
roint, wore take: to Hhe nesrmuot 0,003 in. The speeivien heipght wao
reastrsd at five different points nleng the length to the nearest
1/%2 dne, ané the lengih was obtained from fovy measureuents with

tiie zame accureas;;. Al readingz wore yespoectively sritihmet ticanlly

averaged, vhe menmbrane {hickness subiractsd from the Jongth and widih,
and tho asmipic dlmepeions conzeguenily detsrmined. The pamploe
welght wae deterivianed and reprosenisiive moisture conternt samnnles
werce obteined.
The prinelvzl objcction to the mould method of scample preoparation

arcce Ifrom the fuet that slunping did osccur while the apparatus wers

being assembled. OGContributing factors were the weight of the top

ol

laten and lceding hend, and the tiwme interval hebtween removing the

ouid and applying the celdl nrossurc.

i

(b} Osdoneter Method

~

The soluticn adopted was {he eonicter metvhod of eregaring plano
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strain sp2cimens. Thies consisted of consolidating a bateh of clay,
from the initial 347 %, under a small vertical pressure to make it

s8tiff enough to manipulate without slumping. The required-speéimen
was then caetrved from the stiff sample.

A batch of wet clay weighing about 20 ib. was obtained from
the stockplle and was worked until the noisture content was cloee
to 34%, control bLeing maintained with the vans apparatus. When the
mixing and maturing poriod was completaed, the 9 in, diameter oedo-
meter was filled to o height of 4% - 2n. by spreading the cley in
layers with e spatule. Tho height and weight of the sample were re-
corded and the ocdometicr apparatus were amsembled. A pressure was
applied to the sample by wmcans of the lever arm arrangement, and the
sample was allowed to drain %o atmoaphere. An inverted bpttle of
water positioned over the ondometer ensured that the top of the
sample remairned saturated. Host of the oedometer epscimens were
consolidated under a veriical pressure of 7.7 pei.

When equilibriuvm was reached, the load was romoved from the
lever arm and the cample teken irom the oedometer ring., The sample
was placed on tlie cutting veoard ané weighed. Next, a thin wire was
pleced over the sample and in front of two braes uprights on the
cutting board; and drawn teaut so as to cut from the sample an 8 in.
chunk. The wire was worked slowly back and forth along the front of

the uprights to obtain a smooth cut surface. The chunk was removed



carcfully and the wire was placed im froat of the next row of up-
righte 2 in. back aad o paralloel line was cut. By ropeating the
oporation for & third time, two contral pleccs were obtained which
were long enough vihen nlaccd ecid to end to form o plane etroin
specimen. Fuwther trimming wes nocessary, howover, to get rid of
the radial porética at eacn 2nd of the & in. lcngth. The centre
chunka each had nomingl dimencions of 2 in. x 8 in., x 4% In. To

be accommedoted in the plone ciiaia opporatus, the 4 in. dimension,
which was to be tuz haeight of the spaceimen, hsad to be trximmed to

ks in, The chuuks weve then vwolghed and neasured. Twenty-Lour
measuremants of the width or 2-in dimencion were taken; eight reads

ings were noted ai each of

iy
o
5
+1
(il
[#)
.QJ
=
by
=y
114
¢

rant slevations., A ¢otal of
eight readingz of height measurerment were msde. The height and
width were both mecosured to the nearest 0,001 in. The length was
not measured uniil the tve chunksy were rlaced on the boittom platen
of the apparatuo.

Firat, hovover, the chiunis wsre carefully wrappsd with filter
raper strips. The strips uere placcd verticelly around the specinen
gnd had their loons ocnds ¥olded over the tes to meet sach other.

The spacing wan abovt 1} in, from ceat»e %o cenira, Ono snd of each

-

chunlkk had twe ciripe olaced on it with the cverlapping ende iaid
aleng the top snd boltiom of the apsclmen. When fineally the wrapping

vas complete, the chunks were positioned with care on the perspex
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holder screwed tc the bottom platen with their bare ende adjoining.
(Prior to dismantling the oedometer, the plane strain apparatus was
prepared by fltting the rubber mecmbrane beiween the bottom platen

and the bése, ané placing the baze on thoe leaf spring. AAfter locating
the porous stone holder, the de-airing process was offected and filter
etrips were ﬁlaccd over the stooes to intorconnact them). More

filter atrips were placsd on top of the specimen, ané the asssmbled
and de-airec¢ top platan was located on Lhe sgpecimen. For o minimum
of pample disturbonce, three psople were generally'reQuired to

stretch and hold the membrane and position the sample chunks. The
membrane was pulled over the top platen; orcess air between the
sample and the membrane was removed vy siroking the membrene gently
upwards before the loading head was fixed in position. The loading
head was scroewed tightly down %¢ the tcp platen to make a seal with
the membrane. AfSer tho two chunks had been firmly pressed together,
the length was measurcd at three differesnt olevations - top, centre,
and bottom - and an average length was determined by subtracting

the membrane thickness from the average of the readings. Since no
time was allowed for pore pressure agualization ae in the mould method,

the rest of the apparatus could now be assembled.

(6.2) Apparatus Assembly

After the specimen was made ready by either of the two mcthods

deseribed, the end clamp, which remained connected to the base by its



- % -

saran pressure lead between tests, was placed around the sample.

This was done by bringing the end clamp gently down from qhe tqp to
span the sample. The left end plate, which had been removed to aid
the location process, was replaced on the tie bars and the nuts ﬁere
screwed on. Two small coll springs with their holders were position-
ed under each enid plate. The removeablc face plate was put_in_position
on its locating pin, and the tie bar nuts further tightened until

the end ¢lamp was Just in contact with the ends of the spacimen.

The saran pressure lead was checked to see if it were dgmagpd or
kinked and tc malte sure that the connection with the hydraulic cell
was in order. The valve connecting the Gé cell with its null in-
dicator was opencd, as well as tho valve to the burette under_at-

. mospheric pressure. The previously de-aired Gé coll was aliowéd to
stand at atmospheric pressure while the other equipment was being
installed.

The Ko bel was then positioned so that it spanned the sample
with its open end at the left end of the specimen. The four pulleys
that gupport the Ko belt were fixed on the loading head and the
counterweight st:ings were placed over them. The small hydraulie
jack was screwed to the cnd plate. Next, the de-aired ond assembled
mercury reservoi:r device was screwed to the K, belt in addition to
a light coil spring. The perspex feet with the accompanying ball
bearings were placed at mid-height and ncar mid-length of theAspecimeno

While holding tho fcot and balle in position, the spring at the
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reservoir end of the belt was latched. This procedure is somewhat
simplified if the membrane is slightly wetted before the feet are
positioned, to hold them long enough to get the belt and balls orien-
tated. To prevent interference {o the Ko belt during the test, the
flexible nylon top dreinage lead was attached to the end plate.

The electrical wires coming through the bass were connected to the
’top and bottom terminals of the mercury rescrvoir. By varying the
height of mercury in the astandpipe, the servo~-mechanism circuit was
checked.

The Gé valve to atmosphere was closed, leaving the null in-
dicator connected to the system. The tie bar nuts were tightened
just enough to seat the end plates and exert a pressure on the speci-
men of approximately 0.5 psi. The mercury thread in the reservoir
standpipe was finally adjusted to the proximity of the platinum
wire probe, and the complete lateral strain indicator was rocked about
its pivot points (i.e. the ball bearings between the feet and the
belt) to check that & minimum of movement occurred in the mercury
thread. Thie rocking motion ensured that the indicator was not
being obstructed.

An overhead crane running on a monorail was used tc bring the
plane strain cell body directly over the sample and to lower it onto
the base. Sinco the original design of the plane strain apparatus

did not include a lateral strain indicator, a minimum of room wams
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avallable ‘between the end clamp and the cell body. As a résult, the
lowering of the body with the indicator in position proved to be an
extremely delicecte operation if disturbance of the indicator were to
be avoided. ' In some of the early tests, as many as eight 6: nine
attempts were required to corrcctly place the cell body, with sub-
sequent adjustmente to the indicator each timc. Once the body was
located, the latoral atrain indicator was rocked once more to ensure
freedom of movenent. Two of the sixteen tie bars for Joining the
apparatus together were used to guida the cell body down past the
specimen.

The overhcad crane was used to position the cell tof alBo.
Care .was taken to place the hemispherical seatings for the rams on
the :loading heed before the cell top was put on. The remaining
fourteen tie bars were inserted through the positioned top cap and
tightened down necurely to minimize vertical expansion of the cell
when pressure was applied, The horizontal stabilizer was fixed
at the same time as the two central tie bars at the back. The
vertical stabilizer was bolied on, and the rotating bushes (or
friction eliminators) were connected to their motor. To prevent
the rams from rotating as their bushings revolved, two cross arms
were fitted. While the cell was being filled with de-aired water,
the top and botiom drainage lends were connected to the ﬁélume
change measuring unit and the castor oil leads were joined to an

0oil reservoir. When the cell was almost full of water, the water
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was turned off and the ccll topped up with castor oil, The cell

plug was screwed in end the proving rings were placed in position.

(6.3) Back Pressure Application

o effoct maturation of the specimen, it was subjected to a
back pressuxre in the following way. The top and bottom drainage
valves mere kept closed, and the cell pressure was slowly increased
manually. At the same time, the pressure in the Gé ayatém was 1#-
creageé;with the manual control cylinder such that the level of‘tho
mercury in the Gé null indicator remalned unchanged. To prevent
departures from the zero-lateral-strain condition, the mercury in
the standpipe of the lateral strain indicator was maintained at a
constant height by the application of a deviator load to the spscimen.
When the cell pressure had been built up to about 38 pei., the top
and bottom drainage was opened to a mercury pot of the aelf—conpoalaf-
ing mercury control through a volume change measuriné unit. The
mercury pot had been previously set at a pressure of, say, 35 psi.
Zero readings were taken on the proving rings, strain dials, Gé genge,
and the volume change measuring unit; before the back pressure was
applied. Similar readings, as well as readings of the cell pressure
and back pressure, were rccorded after the application of the bagk
Pressurd, Before the consolidatiog stage was commenced, the specimen

was allowed to come to oquilibrium under this set of small effective

stresses. Automatic control of the specimen width was maintained by
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connecting the doviator motor and the servo-mechanism electrically

to the lateral strain indicator during tho equaligation period of one
 to two days. The clutch of the triaxial nachine was engaged to
enable ‘the deviator motor to load the spscimen when required by the
indicator.

'During a test, the self-compensating mercury control supplied
pressure to the cell through & water-oll interface ln a castor oil
reservoir, which resulted in 0il being introduced into the cell to
replenish the "lost' volume caused by specimen consolidation and oil
leakage past the rams. This method of applying cell pressure ensured
that éufficient oil wes present to minimize cell pressure leakage
past the rams in long-tern tests. The 0il reservoir was connected

to the 01l leads of the plane strain apparatus immediately before

the consolidation stage was begun.

(6.4) Consolidation Stage

By trial and error, a rate of cell pressure increase of 5.5 psi.
per day was found to be satisfactory in consolidating the specimen.
This rate caused no measurahle excess pore pressurg at the base when
the sample was drained from the top, which meant that the pore pressure
was being dissipated through the filter paper strips as fast as it
was being built up in the sample. However, no indication of the

magnitude of the pore pressure in the centre of the specimen could be
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determined in this way. Consequently, it was decided to drain the
specimen from both top and bottom, and, when the consolldation
stage was nearing completion, to slow down further (te 1.85 psi.
per day) the rate of cell pressure increase; it was mssumed that
these measures would help to reduce whatever excess pore pressures
that existed in the contre. The rate of cell pressure increase
used for each %est ies given in Table 6-1. The rate of axial strain
was periodically adjusted during the consolidation process, as
denoted in Chaﬁter 5, to ensure the proper functioning of the
lateral strain indicator.

By definition of the Ko condition, there should be no change
in length of the specimen during consclidation; hence, the magni-
tude of dé should be egqual to the value of 03 at any given time.

Gé

were, in fact, undergoing one dimensional conasolidation. The Gé

vas measured during conbolidstion to dotermine if the specimen

gauge roading was equal to the cell pressure plus the Gé prostress
induced during apparatus assembly plus the head of the mercury
thread in the null indicator.

Generally. readings of volume change, axial load, cell
pressure, axial deformation and Gé viere taken when the deviator
motor just came on or just went off. Howaver, some intermediate
readings were noted when the deviator motor was running. The rate
of cell pressure increase was usually stopped one or more deys

before the shearing stage wes begun 6 sllow further diasipation of
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(6.5) Shear Stage

At the completion of the consolidation stage, the top and botton
drainage leads were closed and connected to a null indicator. The
pore pressure was noted, and the sample was allowed to rest overnight
before the pore pressure was measured again. If the difference be-
tween readings were large, the drainage leads were opened .again for
another day. A small éiffercnce between readings indicated that the
sample had relatively uniform pore pressure throughout, and thus the
shearing stage was begun.

Most tests were sheared at a rate of strain of 0.00002 in. per
min. or Q.03% per hour; some were sheared at 0.015% per hour. The
duration of the shear stage depended on the % qtrain required, but
generally the test was terminated after ten to fourteen days of
shearing, when the maximum principal stress ratio had been reached.
Readings of Oé. exial load, top and bottom pore pressure, axial
deformation and temperature were talten two or three times daily
except when failure was approaching, and then more readings were
recorded. ‘The cell pressure was checked each time and the date and
time were noted.

When the test was completed, the deviator load was released
manually, and Oé and 63 were brought down to atmospheric pressure.

The apparatus was dismantled and the parte cleaned of oil. The
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loading head and top rlaten were removed, and the membrane was
stripped to bare the soil. The filter paper strips were taken off
and, to minimise drying, the sample was weighed without delay.
Moisture content samples were then carved from the specimen to ob-
tein the water content profilc., Twelve samples were usually taken,
one from each end and one from each third point for each of three
elevations. When a failure plane in the aspecimen occurred, which
was rare and usually not clearly defined, moisturo content samples
were taken slong the failure zone and in the two adjacent corners.
The remaining portions of the specimen were grated on a cheese grater
into a pan to form the basis of another specimon,

The moisture contents were determined in the standard way.
After gbtaining the wet weights of the samples, they were placed in
the constant temperature oven (105° Centigrade) for two days. Uﬁon
removal from the oven, the tins containing the samplos were allowed
to stand in air long enough to come to room te@perature and then
welighed to get the dry weightes.

Dismantling of the apparatus was completed and everything was
thoroughly washed in preparation for the next test. The membranse

was dusted with Prench chalk and storcé until needed.

(6.6) Sand Tests
The procedurs uscd for preparing and testing the sand specimens

was ldentical to that given by CORNFORTH (1961), and for brevity will

not be discussed hora,
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Test No. No. Days @ Rate of 03 increase psi/da. (Gé)c psi.
wek 10 @ 3.85; 1e0 39.1
wCcé 8@ 3.85; 3¢€0 31.1
WC? 12 @ 3,85; 0@0 47.3
vc8 5@3.85; 1@0 25.0
WC9 ' 5@ 3.85; 1e@0 26.8
WC10 15 @ 3.85; 6@0 69.6
wCll 8t @ 3.85; 6@0 3h.2
wcl2 5@€385; 1€1.85; 2@0 27.6
wc13(o) 12 @ 3.85; 1360 €0. 4
wc14(0) 5@5.5; 2@ 3.85; 3@0 48,1,
WC15(0) 12 ® 3.85; 3&1.85; 2@0 61.1
wCc16(0) 7@11.0; 2@5.5; 16185 1@0 96.7
WC17(0) 1185.5; 3e@0 68.5
wc18(0) 6@5.5; 51,85 1%eO0 53,4
wc19(0) (Isotropically consolidated) 65.2
TABLE 6-1

The number of days, to theo nearest half dey, is the length of
time that the cell pressure was incrcasing at the specified rate.
When the rate ies O, the number of cdays represents the time allowed
for the sample to come to equilibrium. (Gé)c ig the efrective cell
prossure at the ond of the consolidation stage. The difference be-
tweon (G"B)c and the rate of cell pressure lncrease times the time, e
can be seen in come tests, is duc to the initial manually applied coll

pressure that wes required to overcomo specimen slumping or, in the
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oedoneter congolidatad spacimens, Lo simnlate ~onditicns im the

ascamater.
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CHAPTER VII

RESULTS OF TESTS ON WEALD CLAY

(7.1) Plane Strzin Tests - General

The first eight specimens tested in the plane strain apparatus
were prepared by the mould wmethod (see Chapter VI)} from an initial
moulding water content of approximatcly 34%. The test Nos. ars
wCh and WC6 to *Cl2 inclusive. However, since some sluaping of
these specimens did occur while the apparatus was being assembled,
the remaiuning specimens (in test Nos. WC13(0) to WC1l9(0) inclusive)
were prepared by the ocedomster method. All the oqdometar-congolidatad
specimens except two were remoulded from a water conteat of 34 ¥q,

To determine the effect of the moulding water content in the failure
characteristics, the specimens in test Nos. VwC13(0) and wCli(O)
wore remoulded from water contonts of 60 I % and 106 ty respasctively.

For compairison with the tests conducted under plane strain con-
ditions, the last three tests with K, consolidation, namely WC16(0),
w017(0).Aand #Cc18(0), were conducted with no end restraint in the
Oé direction (i.e. the end clamp was not used). In tost No. WC19(0;},
the spocimen was isotropically corsolidatsd and again the end clamp
was not used. %heee last tests wore, thorefore, not necessarily

subjected to plene strain conditions, although friction along the top

and bottom platens would probably have roduced significantly the
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longitudinal strain.

For the purpose of defining the averags characteristics of the
clay- when tested in the plans strain apporatus, dimensionless func-
tions of the principal stresses were determined by dividing by the
average normal s ress at the end of consolidation (i.e. by
%(Gi + Gé + G;)c = P&. In calculating P_ it has beon aasuae@'éhat
the apparent small prestress in the Gé direction as shown in Fig.7-2
was confined prinmarily to the specimen ends, and hence it haa been
neglected. This assumption has in any case only a very small effect
on Pc. When a dlmensionless basis of plotting was used, threo separate
groups or familics emérged with reletively little scatter in each
group. Q@roup A consisted of test Hos. WCH, WCE, %C9 and WCll; group
B consisted of WG4, WC10 and WC1S(0). Group C included the specimens

with no end rest:aint ancé coneistad of WC16(0), WC17(0) and wC18(0).

(7.2) The Consol:.dation Stage

Before condidering the resulte in detalil, some comments on
‘dindividunl tests must be made. Duc to apparatus breakdown, several
attempis at staruing test Nos. WG4 snd W(G16(0) wore required before
the tosts wore sntisfectorily compieted. This resulted in each
spacimen being sl ightly overconsolidated at the beginning of the
conoolidation stuga. The overconsolidation effect shown in the-
Bpecimen of test No. WG13(0) ie the result of the initis) conmolidation

in ths ocdometer under a vertical pracsure of approximataly 15 pai.
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Due to excessive leakage from the cell, the cell pressure in test No.
%¥C10 dropped fror 86 to 50 psi befors the leak could be stopped.

The volume change measuring device burst in test WC1l6(0), with the
result that the tuack pressure dropped from 35 to approximately 22 psi.
The measuremente of the intermediate principal stress in test WCl2
vere considered invalid because of the interference of the loading

head with the encd clamp during the test,

(a) Eo Path
The principal effective stresses during the KO consolidation
L L 4 U
stage were plottcd for each test in graphs of Gi against Gé end G}.
(See Appendix 3, Figse. A3-1 to A3-1l4). A typical rslatiouship be-

tween the major cnd minor principal stresses is illustrated in Fig,

A3=13 for test #(17(0). The totel consolidation poeriod for this test

was fifteen days. The scatter of the points is due to the intermittent

application of the deviator load. The avorage Ko value of 0.62 was
determined irom the mean straight line through the points. For pur-
poses of comparison, the hydrostatic prossure line is also drawn.
The range uf average Ko values for all the tests waas 0.545 to
0.62, and theo overall average value was KQ = 0.59. The higher Ko

values might be cttributed to dnedcguutie dipsipation of the sxcess

[

pore vater prgssure in the spzecimonp, cenzolidatod at the faster ratos .

k2
The congolidetion rate for coch test is given in ¥ablo 6-2

e o
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_ However, as shown in Fig. 7-1, the magnitude of Ko depends to a
limited extent on the initial moulding water content of the specimen.
High Ko values in this diagram occur at the higher water-contents.
The standard triaxial specimenaj and the ocedometer, consolidated
plane strain specimens remoulded at ¢ .54 water content show the
same general trend. The average K° value for each test is shqwn

on the graph of Ui versus Gé, and the values are tabulated in Table
7-1. '

(b) Q; versus Qé

A typical relationship between 6; and 0; during consolidation
for the Ko consclidated tests is given in Fig. 7-2. The straight
11n9 ¢rawn at 45 degrees is the ideal stress path, whereas the points
lie slightly above this line. This is due in part to the small
amount of pre-stressing used during the assembly process to climinate
baddigg errors c¢n the end clamp. It can be seen that the pre-stress
remalins ﬁpproximaﬁely constant during the consolidation period9

In test Nos. WCL and WC1l0, the amount of pre-stressing was
very small, so that Oé = Gé during consolidation. Test WCll, in
which the interrnediate principal stress was automatically controlled
(see Chapter V),‘had a rather higher pre-stress in the Gé direction.
This ie shown in Fig. A3~7. Duc to & ruptured pressurse line in theo

Gé gysten, the intermediate principal) stress was not measured in

test WC15(0). The end clamp was not used in test No. WC16(0),

o
After SOWA (1963). Standard triaxial test results on Weald Clay arc
given-later 3in the Chapter.



wC17{(0) snd wCei8(0).

(¢) Volume Cheng: during K, Consolidatlion

The relationships between the changs in height and the change
in volume of the spacimens during Ko conzolidation are given in
Figs. A3-15 to A3-27. In each graph, the slope of the dashed line
through the oriyin corresponds Lo the initial mecasured area of the
sample. The points, which represent the measured values of Ah and
AV during consslidation, lie on a line approximately parallel to
this line. This indicatee that the zerc-lateral-strain condition
vas maintained. The curved wporiion near the origlin, however, in-~
dicates the presonce of air ip the speciumen before the applicatlon
of the back pressure. The date from test WC1l4(0) was not plotted
becouge the voluae change device was not properly de-aired during

the assembly prozcess.

(d) water Content - Stress Relations {Ené of Conzolidation)

The graphz of % water content against major principal effective
stress durlng ceasolidation are illustrated im Figs. A3-28 to A3-31
inclusive, The water contents during consolidation wers calculated
Zrom tho krown water contents and specimen helghts at the ond of
conselidation. It was msoumed that the specimens were fully saturated
and were conaolidaied with ne lateral yield. Except for the ozrly

d 47

pait of the cenenllidatlion ctagn, the w.o. -~ log 0} velationshiip 18 &



straight line {(epproximately) during the consolidatlon procost.
The clope of the linc deponds gonocrslly on the wmoulding water content,
with the stasper alopes corresponding Lo tho higher imitial water
contents. The erd of consolidatién condivions are zhewn in Fig.
A3=32.

The relaticnship between vater content and average normel streso
(i.c. §1/3) ot the end of consolidefion is given i Fig. 7-3. Test
No. WC14(0), im vhich the epecimen was ceonsoclidated from a slurry
indicetes that the moulding water contont can have an apprec;able
offect on the waitor content-stress relationship. Test No. WC13(0),
however, with a noulding water content of ¢.60%, plots close to tho
average linge., The dashed line represents the resulis obtained at
the end of theo consolidation stage for the tests in the standerd

{riaxial esll, and these will be discuezad later.

(7.3) The Shear Htage

As indiceted earlicer, all spesclinens were tested in compression
with the coll prossure held constant; and the poro pressure vas

neasured. The principal offective citresses and the devietor stross

o

were calenlaed nv various polints duvring cach test, cnd the resulte
are wpresented gravhically againat the c¢orreoponding auxial- strain
during shear in igs. A3-33 to A3-47 inclusive. & correction of -1.0

ci. was applicd to tho measured devintor ctress Lo ceeount for the

e}

confining 9ffect of the zubbor membrene end tho filiocr clrips. and
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and for the friction on the end plates (Sews Appendix 2).

For variou: reagons, however, some btests were considered un-
representative of the behavicur of the clay when tested in the plane
.atraih apparatus, XIn test No. WC?7 (Fig. A3-35), the pore pressure
did not level off after the specimen had failed and it is probable
that there was a small leak in thoe rubber membrane. The Gé values
obtained from test WCl2 were in orror because of the interference
of the loading haad with the end clemp. At the end of the consolida-
tion atége of test No. WC13(0), the room temperature fluctuafud be-~
tween 56° and 76° Fahrenheit over a poriod of five days. With the
high moulding water content used in this specimen (c.60%), high pore
pressures were expected. However, the stress path obtained indicates
' low‘pore pressurss, and the conclusion is drawn that the results
were greatly influenced by the temperature variation. The specimen
in test WC1l4(0) was consolidated from a slurry, so that the results
are not strictly comparable with the other tests which were remoulded
from lower water contents (c.34%). Due to the ieotropic consolidation
of the specimen in test WCl2(0), the strecss and strain data of tﬁia

test differs froxz that of the Ko consolidated tests,

(a) Stress-Strain Relations -

As illustrated in Fig. A3=-33, during an undrained teast the three
principal effective strosses decrease with increasing strain. 1In

the tasts on the Ko consolidated specimens, the iniftial value of the
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deviator stress is (l-Ko)(Gi)c, where (0";)c is the nagnitude of the
mejor principal cffective etress at the end of consolidation. The
" deviator stress increases to a maximum value and then levels off to
a relatively consztant value with incrcasing strain. AB the cell
pressure ig kept constant, the decreasc in the minor prihcipal ef-
fective -stress is a measure of the increase in the poré water
pressure. The pore water pressure reaches a maximum after the p@nk
deviator stress has been reached. The maximum valuc of the principal
stress. ratio (61/6;) also occurs after the peek deviator streas has.
been reached. Iu Fig. A3-47, the deviator stress for the isotropically
consclidated spécimen increases from zero to a maximum value before
levelling off with increasing strain. The maximum value of the ratio
(oi/O;) again occurs after the peak deviator stress,

The atress~strain relations on a dimensionless basis for the
A, B, and C groups are given in Figs. 7-&4 to 7-6. in Fig. 7-4,
group A had [('(J'l-~(3‘3)/1:'—l % 0.82 at 2.0% axial strain. Group B,

c| max’
shown ia Fig. 7-5, had [}oi - o;)/pcj =0.77 at €, = 2.%.

max.
The teats conducted with no end restraint comprise group ¢ and have
the lowest value for the ratio [kﬁi'- 0})/P;] max. T 073 at

el = 3.3% (Fig. 7-6). The test results for the isotropically
consolidated spocimen are included in Fig., 7-6 for comparison. The

stress-strain curves for tests viIC12, WC13(0) and WC1l4(0) wore plotted

in Figc ?"?n
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A posesible explanation for the apparent strength differential
between A and B groupa is that the B group epscinens were consolidated
to higher pressurce thze those in L group as shown in TABLE 7-1.

A fl&itening of the Mohr envelops with lncreasing normsi stress
would result in lower strengthe fox the gamples at the higher con-
solidation pressures. ,

The variation of the principol stross ratios (Oi/ﬁs), (aé/Gi)
and 0;/(61+O§) with % axial strain during shear is given for the A
and B groups in Figs. 7-8 and 7-§. In the group C tests, 02 was hot
measured; the variation of (Gi/ﬁ%) with ¢ strain is shown in Fig.
7-10. The (Oi/bg) curves have the samc characteristic shape for
each family and reach a maxinum aboui one psr cent strain after the
peak deviatoxr stress occurs. The ratio [OE/UB] max has the average
values of 2.70, 2.70 end 2.55 for groups A, B, and C respoctively.
The ratio (Gé/ﬁi).increasea only slightly with % strain after an
initial drop at the beginning of the shear stage, and has the average
values at maximus deviator stress of 0.53 and 0.54 for groups A and
B respectively. These values are approximately equal to the average
Ko values obtainszd during congolidation. The ratic of the inter-
mediate principal effective strezs to the zum of the other two prin-
cipal offective ziressce gradually ilncreases with % strain in much
the came manner a6 (0;/0;) doca; the magnitude of Oé/bi+ﬁé) ia Q.42
for group A end O.40 for grou» B at mexicum deviator strese. Also

included in Fig. 7-1C is the principal sbrees ratio for weio{o).
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The difference botween isotropleally end Ko consolidated specimens
is illustrated by tho fact that a higheor % strain is required in the
isotropically consolidated sample before a naximum ratio is attained,
The strese ratios for test Nos. WC12, WC13(0), and WC14(0) were

plotted in Fig. 7-11.

(b) The Shear Strength Paramaters

The conventional Mohr-Coulomb parametors ¢! and @' for the plane
strain tests were obtained by plotiing (G:|°' - 6’3')/2 and (0'1’ + (5'3°)/2
as ordinates and absclssas regpectively at naximum deviator stress
(Fig.7-12) and at mavinum principal stress ratio (Fig.7=13). The best
straight line was drawn through the points corresponding to the speci-
mens under plane straln conditions, and an average cohesion intercept
end angle of internal fricticn in terms of offective stresses wers
determined. The results of the Ko consolidated tests conducted with
no end restraint were plotted for comparison, It can be seen that
these pointé lie below the straight line envelope in both the maximum
deviator stress and maximum principal stress ratio criteria. Tho
results of test WC19(0), in which the specimen was isotropically con-
solidated, plot slightly above the failure «nvelope in Fig.7-12 and
on the envelope in Fig. 7-13.

At maximum deviator stress, the average strength was represented
by ¢' = 0 and @' = 27.1°%, vhereas at maximum principal stress ratio

the values were ¢' = 0 and @* = 27.4°,
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(c) ®/p Relatiorship

In Fig. 7-1%4, the maximum deviator stress was plotted ageinst
the major principal effective strass at the end ¢f consolidation,
The slops of the average line drawn through the points is 0,56,

and the resulting ©/p value is 0.28.

(d) Stress Paths

Figs. 7-15 to 7-24 inclusive show in a dimensionless form tho
stresq paths followed in the shear stage of the testa, The tcats
&re grouped as before and the stresses have been divided by the
average normal etress at the end of consolidation (i.e. PE)' The
average consolidation path for the relevant tests is shown in the
graphs relating (Gi/Pc) to (GE/PEJ and (C;/Pc).

Figs. 7-15 to 7-17 inclusive show the stress paths in terms
of (Gi/P;) and (Gg/Pé) for the three groups A, B, and C. Along
the stress path the relative values of (Gi/Pc) are highest for
group A and lowest for group C. The high values of the A group tests
could poamsibly be explained by the fact that, at the relatively low
consolidation prossures used, the samples were not completely
normally consolidated, and some effects of the initial stress con-
ditions induwced during the romoulding process wers still present.
Lower relative values of (Gi/Pc) would thus be expoetad with in-
creasing consolidation pressures as these offocts thon becors less

slgnificuny, This i5 suggested in the curves of the group B tosto.
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In Fig. 7-17, the low values of (Oi/Pc) obtained in the group C
testa could result from the fact that high consclidation pressures
were uséd and the spscimons were sheared under conditions of no
end restraint.

in Fié. 7-18, the results of test Nos. WCl2, WC13(0) and'
WC14(0) wore plotted in terms of (G':'L/Pc against (G;/Pc). It can be
seen thﬁt the shapz of the stress path does not apprecilably affecot
the shear strength parameters of the clay as the patﬁe terminate close
to the envelope corresponding to ' = 27.1°, :

In Fig. 7-19, the graph of (Gi/Pc) against (oé/Pc) for group A
shows relativély good agreement with the average Ko line, while
group B in Fig. 7-20 corresponds to a ratio (Gé/oi) of 0054._AThe
low fatio obtained in the group B tests could be the result of im-
sufficient pre-stress in the end clamp a? the beginning of the shea¥ .
stage.

Fig. 7-21 shows the stress paths for tests WC1l3(0) and Wbl#(o)
in terms of (oi/PE) and (Gi/Pc). The results of test no. WC14(0)
show good agreement with the average KO = 0,59 line which was ob-
tained from the consolidation stage of that test, whereas WC13(0)
reflects the high relaotivs values of (Oi/Pc) discussed ecarlier.

The variation of (OE/PC) with (0;/90) for the A and B groups
iz shown in Figs. 7-22 and 7-23. Fig. 7-24% chows a similar diagram

for tests WC13(0) and WC14(0).
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(e) Water Content ~ Stress Ecietione (ai Failure)

The relaticnship between % water contont and sverage normal
stress at failur: is given in Fig.7-25. Faillure has boen taken to
correapond to paricum deviator stress. It vas assumod that an ap-
proximately uvniiorm water conteont distribution existed in the specimen
at the end of consolidation, but that moisture migration occurred
during shoar whlch resultcd in & non-uniform water content throughout
the zpecimen as indicated by the water content samples taken at the
end of the sheoar stage. Consequently, the overall average molsture
contents wore used ior the end of consolidatiocn graph (pee Fig., 7-3),
whereas the failure conditions were represented by the averags water
contents at mid-height of the speciménﬂ. (Typical water content
distributions afer shearing arc given for two spocimens in Fig,7-26).
The specimen consolidnte& from o slurry »lots well above the average
line os in Fig.7-3. The averege linc for ftests with axial symmetry
will be discussed later. Fig. 7-27 phows the relationship between

the water conten’ and the mayximum doviastor stress.

(7.4) Teots with Axial Symmetry

The tests conducted under conditions of axial symmetry were
performed in the standard trizicial apparstus on 1% in, diamcter x 3 in.
high specimsns. (Ses SOWA, 1i963). All ¢pecimecns were romouilded from
tho same batch o ¢lay that was nsed for the plans ctrain samples.

Only specimens which were K, coaselidetod and then foilsd in comprescion
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are considered in this thesic,

The Ko veiune in the standerd triaxial tests varied betveen
0.58 and 0061_c Ghe overall average being 0.59. The consolidation
stage lasted from four to fourteen days depending on thoe consoclidation
pressure deslred, The rate that the consolidationr pressure was
increased was generally faster than the rate used for the plane
gtrain epacimensf |

'The relationship botween §% water content and average normal
astress at the end of coneolidation for the teats with axial symmetry
is ghown in Fig. 7-28. Typical stress-strain curves plotted on a
dimensionless basis are given in Fig. 7-29. The meximum deviator
stress occurs a about 6% axial strain, and the corresponding limits
of the ratic IEOi-GB)/Pbi} are 0,68 and 0.75 approximately.

The conventional Mohr-Coulomb paramecters c' and 9’ were de~
termined from the relationship between (Gi»ﬁé)/a and (Gi+0;)/2 at
both peak deviator stress and the maximum principal stress ratio
criteria. In Fig. 7-30, the astrength at peak deviator stress is
represented by c'=o and ﬁo = 25°9°. The velues of the paramatars

¢
. o
are ¢ =0 andé £ = 26.2

t
at'(ci/cé)max ag siown in Fig. 7-31. 1In
both fallure criteria, the resulic ﬁf tests performed at high
consolidation é?assuree lie belew tho siraight line enveioPQB. This
indicatos that scme flationing of the cnvelope may cscor at the
higher pressures.

Pig. 7=-32 shows the relailonship bobtweoen the water content
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and the avorage normal atress ab fodlure fopr the tests with axisl sym-

getry. As in Fig., 7-25 fopr the plana

1

[ie

atrain tests, fallure was taken

to correspond to Cthe momimun deviator stress. The graph releting the

maxinum deviator stress ond the mojor principal effective stress at

the end of conseolidation is illustrated in Fig. 7-33. The slops of

the average lino through the points ls 0.52 and the corresponding c/P

value is 0.26.



S M.C. % END OF CONSOLIDATION PEAK DEVIATOR STRESS MAXIMUM (9 /63"
aelel 3| '
- ] ! e
8718 2 | 2| | ek ivluel o g L @) aul s [0 | o @) |ou] o) o | o
4 |B|32.80] - [22.59|22.30|10.50{11.69|36.2 | 68.9|39.1|39.1}0.57 | 1.84|16.2| 61.0|31.7|22.9 | 3.18]18.1 | 57.8|32.1]21.0
6 |A133.05| ~. |23.32(23.09 | 14.23]|18.76{36.2 | 54.6[31.4]|31.1]0.58 | 2.02{11.7] 50.7 29.5[19.5 | 2,99{12.5 | 49.4{28.0}18.7
7 |-|33.75] - ]23.16]|22.98 | 15.39{21.05{31.2| 75.9|{48.0{47.3]0.62 | 1.56]21.3} 66.2]39.0[|26.2 | 3.91{27.3 | Sk.%|3%.1]|20.2
8 lAl32.21] - |23.52|23.21 | 11.25{14.39] 35,9 | #4:.5]25.5]25.0]0.57 | 1.9%] 9.8| 41.1]22.9[15.1 | 2.66|10.k | 40.3{23.2| 14.5
9 [A[31.00] - [22.75|22.55| 9.56|12.44]36.0| 48.8}27.8]26.8]0.55 | 1.55] 9.6| 45.8{25.9{17.2 | 2.36|10.3 | 44.8{25.7]16.5
10 | B|34.26] =~ [20.71]20.46 | 16.66]23. 44 30.8 [117.4}69.6|69.6§0.595 | 1.50|26.4 {108.3{59,1|43.2 | 2.25{29.2 [104,9] 60.0] 404
11 | A|33.12] - | 22.78|22.53 | 13.71]17.63| 29.0| 59.4]37.1|34.2]0.57 | 1.86]14.3| 56.8|33.5{23.3 | 2.31{ 14.7 | 53.2]|33.1] 19.5
12 | -|34.39] - [23.68|23.59 | 12.78|17.47| 30,8 43.1] - |27.6]0.64 | 2.21]12.7] 39.6] =~ [14.9]2.21]12.7} 39.6] - |14.9
13(0) ~| 60 126,79 | 21.10/20.88 | 12.90] 12.77] 30.4]110.0| 60.4]60.4} 0.545 | 1.71} 22.0]104.6{51.7|28.6 | 3.08{ 25.4| 99.8] 52.2 35.2
140} -|106% {35.40 | 25.10/25.05 | 15.48] - }30.2| 81.1]48.1]48.1]0.595 | 1.15]19.5| 71.7]40.8|28.7 | 2.42|23.9| 65.9|38.5| 24.3
15(0} B|35.14]31.30 | 21.24}20.99 | 14.70}18.57| 30.3{104.6} 62.0}61,1}0.59 | 2.54] 26.6| 93.4|51.6|3%.5 | 2.5%| 26.6| 93.4|51.6 34,5
16{0)] C|33.92/29.25 | 19:68| 19,50 | 10.52] 11.29{ 35.2|157.4] = [96.7]0.62 | 2.80[39.9{141.8] = |56.7 | 3.51 42.3{137.8] =~ |54.3
17(0) C| 32.72|28.46 | 20.60[20.38 | 14.27| 17.37| 35.2]110.7] - |68.5[0.62 | 3.43]28.5]101.5| -~ |40.0| 4.72/30.8{ 97.9f - |37.7
18(0) C| 33.81{28.98 | 21.27{21.20 | 13.23| 16.61| 36.7| 87.5] - |53.4{0.62 | 2.97]23.5| 76.9] - |29.9 | 3.56 24.4] 75.5| - }29.0
19(0) - 3%4.32|29.28 | 21.46[21.29 | =~ [16.4F 35.0| 65,8 =~ |65.2] = |5.0141.3] 64.5] =~ {23.9 | 5.55 1.4 64.3 = }]23.8
TABLE 7-1  SUMMARY OF PLANE STRAIN TESTS ON WEALD CLAY

= LOL =



Notos on TABLE 7-1

(m.co)i %

(m.c.,)o g5

Av.(m.c.)f %

Mi'd-Hto (mQCO )f %

c
( El) %
Aw

(&1)B %

- 102 =~

average initial moulding water content;

average water content after material is
remeved from tho oedometsr;

average overall moisture content after teating;

average moisture contont along mid-height of
the specimen afizr testing;

average pore pressure at the end of con-
solidation in psi., i.0. the back pressure;

axinl strain at the end of consolidation;

is the pore pressure change from the end of
consclidation;

axiel strain during shear.

The principel effective stresses are in psi., units.
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CHAPITER VIII

RESULTS OF TESTS ON BELGIUM SAND

(8,1) General

Since the primary objectivo of the research programme was to
determine the characteristics of a clay when subjected to plane strain
conditions, the data obtained from the sand tests are examined only
briefly to provide a basis for comparison. As 1indicated in Chapter
V, dreined compression tests on Belgium Sand were carried out in both
the standard triaxial (4 in. diemeter x 8 in. high specimen) and
plane strain apparatus. Iour triaxlal extension tests were also con-
ducted, The resulting stress-gtrain curves were plétted and are in-~
cluded in Appendix 4. Tabulated results are given in Tables 8-1 and
8-2.

A check on the grading curve of the sand, asz reported by
LADANYI (1960) and shown in Fig. 4~2, was made and relatively good
agreement with tha published curve was obtained. Rapid tilt tests
on dry Band‘ (see KOLBUSZEWSKI 1948) gave an average maximum porosity

of 46.8% which agrees with Lsdanyi's value of 47%.

(8.2) Consclidation Stage

All épecimens of Belgium Sand were consolidated under Ko con-

- — oo et—

”
The tests were porformed by M. Jean Normand.
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ditions by utilizing the lateral strain indicators described in
Chapter III. In both the plane strain and standard triaxial tests,
the consolidation pressures were applied to the specimens manually,
the time taken to reach a cell prescsurec of 40 psi. being approximately
30 minutes. The specimens were then allowed to rest for an hour
before being sheared.

In Fig. 8-1, the average Ko values obtained from the plane
‘atrain tests and the tests with axial symmetry were plotted against
the initiai porosities of the respective specimens. The plane strain
results show the same trend as the data from the triaxiai tests, 1.e.,
the magni@gde of Ko increases with increasing porosity. Average

Kb values are O.% for ni=57% and 0.5 for nizhj%.

(8.3) The Shear Gtage

The results of the plane strain compression tests are given in
Figs. Al-1 to A4-13. In a typical medium dense specimen (see Fig.
Al-1), the major principal stress, which has an initial value of
Og/Ko, increases with increasing strain during shear to a ma;iqum
value before dropping off sharply to a relatively constant value.
In the ;opee specimens (say, Fig. A4-4), on the other hand, tﬁe
peak value of Oi is not as high, and, in some cases, more-than one

Ed
peak occurs before the curve levels off.

3
A similar phenomenon cccurred, but {e a lesser extent, in the plane
strain tests on Brasied Sand (sce CORNFORTH, 1961).
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' The intermcdiate principal effectivo stress-has an initial
value equal to the cell pressure plue the small amount of pre-stress
applied during thz assembly »rocess. G; increases to & maxinum
valus, which isc lower tham the Gi peak veiue, and thek levels off
with increasing sirain in both the loose and dense apécimens.

Since the winor principal elfective stress is maintained constant
during shear, the magnitude of the deviator stress.is implicit in
the curve of 5&. The peak deviator stress in the dense specimens
occurs at a lower % strain than in the loose specimens, the overall
range for all plane strain spacimens being 1}k to 3% %.

The relationship between the % volume change and the % strain
during shear is also shown in each Fig. More consolidation occurs
in the loose specimens, and the rate of dilation / i.e. (%})/de‘._7
at peak deviator stress is smaller than in the dense apecimens.

The results of the triaxisl compression tests are shown in
Figs. A4-14 to Ah-24 inclusive. In a typical medium dense specimen
(ni= 38.43%), the relationship between the major principal effective
- stress and the % strain is similar to that obtained from the plane
-gtrain data, but, for the same values of Ko and n, the relative
- magnitude of Gi at failure ie smaller in the standard triaxial test.
This can be seon by comparing the curves in Figs. A4-1 and A4-22.
The maximum valuc for (Gi-ﬁ;) for the trisxial specimens occurs
between 4% (dence spacimens) and 10% (loose specimens) axial strain.

The graphs of tha triaxial oxtension tests, in which the
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gpecimens were also KO consolidated and sheared under drained con-
ditions, are illustrated in Figs. A4-25 to A4=28. In calculating the
results ¢f theese tests, it wao assumed.thﬁf, after necking of the
specimen begen, the strains wers concentrated in the necked =zone.
The area used, therefore, was the average crossnsecﬁional areo. of the
necked zone in cuach test. | -

In FPig. 8-2, the relationship between the maximum principal
OJ

]
stress ratioc ( 1/03) end the initisl porosity is given for both the

plane strain and standard triexial tests. The relative valuez of
(Gi/Gé) ara higher for conditions of plane strain in the range of
porosities used. Good agreement between triaxisl extension and com-
pression results was obtained. As would be expected, lcose specimene
fail at the lowe:r values of the ratio, and the difference between tho
Plane strain and triaxiel ratios becowmes less for the higher porosities.
Fig. 8-3 sihows the graph of [foé/(ﬁi+ﬁé)*7 at failure against
initial porosity for the plane strain tostsc. The ratio is almost of
constant magnitude over the porosity range obtained, the variation
being 0.3% to 0.22 for leose and dense specimens respectively. By as-

o

13
suming that Gé = Kodi and io = (1-ainﬁ')a' s it can be shown that:

L] < ¢
The maximun (0.,/0,) ratio occcurs at the peak deviator stress in
drained testsy

0ok

After WOOD (3.953).

EAR-IN

Propoged by JAKY.
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U-! 2 l'
[ 7
2 - _Sf’im_'i:“ G.'.l.o‘.l‘o(a"l)
] ' - '
T, + 03 2
-~ ]

L
This relation was suggested by Dr. A.Y. Bighop, and—inferrod—by
LADANYI {1560 Vhen plotted in Fig. 8-3, the [(cosaw'“ )/a] values

follow the same trend and lie only olightly below the points ro~

)

pregenting the [?é/(61+02 values.

The ratio (02/0{) at failure, the average KO values determincd
during consolidation, and the function (l-sin@') were all plotted
ageinst initial porosity im Fig. 8-4. arn illustrated in the diagram,

the relation

T
I = (1 - min @)} cessensnsos(8-2)

]
21

is a better approximation than the onc suggested by Wood, (i.c.
G.;./O‘:'L = k) ;
Figs. 8-5 and 8-6 show various principal stress ratios plotted
againet ¢ strain durlng choar for a loose and a dense specimen,
t
respectively, under conditions of plane shirain. The ratios (61/0;) and
(OE/U;) in each graph, since G; is maintained constant, have the

-

4 ¥
same characteristic shavc as the corrospondiag Ol and Oé rTersus %

%
Private discuasion.
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. ; . o ]
strein curvee (seve Figs. A4-3 and 84-11). The { l/b%) curvee have
2
an initial valuo of "/Ko, and with incroasing strain they increase
£o 2 maximun value befors desressing to o relatively censtant valus.

. - B S SR, I .
The initinl veluve of (7 anB) Ao avnroximately 1, and its magaitude

b}

inereases to a umnxinun value sud romeins falrly constent as the strain

¢
inereances. The ratio (*;géT . houever, is almost constant during
73403

ghear in both tho lcose and dense speeimens, with average values at
paak deviator etirass of Q.35 and (.27 vreapectively.
. ) [+
The variation of Qd ith initial porosity (Fig. 8=7) illus-
. . af
trates that, for the range of porozities used, the strength of speci-
mens subjected to plano strain conditions is greater in terms of ﬂd
than that of specimens with arial symmoiry. For dense spoecimens
- o .
(n "}8%) the average valuves of Qd arc 427 andé 39.2 raespectively.
This difference :in the Qa valueg, howevar, becomes less with increasing
. . . v o - o
porosity, such that at nizkﬁﬁJ the values are 35.2 and 3%.2°. The
reeults of triaxial extcnsion tests generelly agree with the triaxial
compresslon data but gome scaitter exists.
Fig. 8-8& mhows the relationship batueen ¢d and the maximum rate
o{a0)
of dilatioa (i,eg) VP} et poak deviator stress) for both planc
dé

strzin and triacial 3pec¢monho For the mame amount of diletion,

the relative megaliudo of ﬁd ic lavger for the plene atrain caseo

n

3

Qd=®° in drained tests.
LA

At maxipmm devistor siross rather thoan the wliimate sirength at
large straine.
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#hen the rate of dilation is zero, the specimans can be cconsidered

to be in the loossent possible state (i.c. marinum porosity). Due to
the lack of dubto on Loose spsclumens, it is difficuvlt to prediet from
Figs. 8-7 and 8~0 {he minimum angle of sheaving resistance. However,
by extrapolation, approximate values of/¢d=33° and ﬁd=32° can be:ob~
tained for the pianc strain and stondard iriaxial specimenz res-~
pactively.

Fig. 8-9 indicates that the rate of dilation increases with
incyeasing specilmen densiiy, and, for & given density, more dilation
oscurs in specimens with axial soymmetry when tested in comprossion.
tWhen the dilation is zere, the two curves should meet at ni=47%.

The relationchip beliween Md and the porosity afier consolidation
is given in Fig.8-10. Superimposed on thiz diagram are approximate
contours of the mean normal stress at the end of consolidation (i.e.
Oﬁ)(after LADANYI 1960). The numbers beside the exverimental points
ere the values cf UA for that test. The results of the standard
tricxial compression tests are in relatively good agreement with
Iadznyl's curveos, whereas the plane atrzin data cghous a higher ﬂd

for the same valves oI nc ang Gho
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TABLE 8-1. SUOMMARY QF PLANE STRAIN TESTS ON BELGIUM SAND

TEST POROSITYA 2D OF GONS0L. ¢ PELK DEVIATOR STRESS

? ¥ 1 1 A d o)

= A TS0 L 7 T a ‘ &
Bs- |mvrz. foomson) opf o, | o x| oy |0 | o |6 | @

0 |8g.2i41.2

1 )39.66|3%.2 0. 410453 1191.8 |72, L {40.4{1.78 {20.7

2 _37@?6 3%??5 96,2150 40,210,418 203.0173.9]40.2 i.8g942.0
”é’"538044 37,93 [65.1) 4003 40.2 0,472 |200.7 |70.0 |40.2| 1,95 |41.8

b 1383k 37.85 [92.7]40.7] 40,2 |0.434|196.5 [67.8|40.2[2.12 |h1.3

5 f4_1?36 ho.66 196.0141.8|40.2]0.419)165.468.0|40.2{1.76[37.5

6 142.42|41.78 [85.9|40.5]40.2[0.468(156.558.2|40.2{2.19|36,2

7 (42.1%|43.53 [79.9]40.3]40.2]05503]158.5]62,5|40.2]{2.13]36.5

8 |42.00{k1.h0 |85.6|40.5]40.2]0.470]|163.4|66.4] k0. 2} 2.68]37.2 §

9 142.13|41.53 [88.6[40.7|40,2(0.454]157.9({66.0}40.2]2.23]36.5 |
10 |39.55139.02 {98.0|41.8]40.2|0.4101169.2]69.9]40.2|1.94]{40.5
111 [39.22]38.71 {98.3|40.5]40.2]0.409{187.2{66.3|40.2{1.92}40.3

12 | 41,080,488 [93.9142.2] 40.2|0.428{1065.1|67.5] ko.2] 2.21]37.2

b 42,27 41,72 {82.9) 40.5[40.2]0. 485 |157.9/66.0| £0.2] 3.12| 36.5

L L LS Spep—,

15 [ 42.20[43.57 |83.4140.60L0.2]10.82]1506,1]65.2] 40,2 2.65]3.65

B —

167 142.52) 41,88 |76.2] 40,3 40.2{0.5281150,9]61.7] b0.2f 3.63)35.4

18 [39.89]29.3¢ {89.2] 40.6] 40.2 oohﬁi 175.5 66.4) b0, 2] 2.18 39.0

—

19 {41.09040.54 1865 105! 40.210.465]167.8] 66 Lo,2f 2.47V 37,9

[P R L

120 | 39.79159:.3C 191

[ . ]
o
L91]
o
o
U1
o~
<
a
y8)

04391 178.0] 73,8 402! 2,011 39.2
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TABLE 8-2. SUMHMARY OF STANDARD TRIAXIAL TESTS ON BELGIUM SAND

* F denotes extcasion teot.

|PEST | POROSITY % | END OF CONSOL.: @ “EAK DEVIATOR STRESS |
BS- |INIT. [CONSOL. o, o; ; K, | o 0; e*| #° d%;é%%
2 137.60:37.35 | 9.k 150.2]0.426 [189.8 [40.2 [3.95 [40.6|0.79
5 |39.27 39.27 | 83.2 [10.2]0.483 [167.0 [50.2 [4.55 |37.7]0.55
L 139.76(39.76 [105.7 [40.2]0.387 [163.3 [40.2 4,21 [37.2]0.48
5 [40,40 180,06 | 84.9 [10.2|0.475 [161.6 |#0.2 [5.53 |37.0| 0. bk
; 6 143,47 142.99 | 81.2 10.2]0.495 [141.3 |40.2 |7.80{33.8{0,17
I 7 |38.4938.20 | 93.9 h0.2|0.428 [175.1 k0.2 [#.25 [38.8]0.65
8 |38.43|38.16 | 89,5 [0.2|0.449 [169.6 |40.2]5.11(38,1/0.63
9 |38.53(38.31 90.6 [40.2[0.442 [169.7 [40.2 |4.94 38,1 0999_
10 |42.17 (52,75 | 77.6 [k0.2|0.518 [141.1|%0.2|9.46 |35.8]0,18 |
11 |42.52 [42.03 | 87.2 |50.2 |0.461 [145.4 40,2 |7.18 |34.5| 0.2k
12 |43.72|%3.18 | 85.1 |50.2|0.472 1139.8 |k0.2|9.45 |33.6| 0.1%
15  |38.47|38.21 | 98.% |50.2|0.508 |181.3 |#0.2| k.23 |39.6| 0.6k
4 |44.35(43.81 | 80.4140.210.500 [136.4%[40.2{8.87{33.0 oi};l
15 139.75(39.40 | 92.3{40.2|0-436 [164.5]80:.2]5.29 |37.%4 0,49 .
16 |43.05|62.54 | B4.1|540,2]0.478 (140.4|k0.2! 7.46{33.7/ 0.17
17 |%#3.00|b2.58 | 84.2]40.2(0.477 [142.5|40.2/8.51|34.0[ 0.18 |
15E |k2,66,42.21 | 79.8|40.3/0.505 | 10.8(40.3|-8.41|35.3 d:i@g
275 |39.45) 38,73 1321.10139.8|0.435 | 32.5/139.8/9.29|38,5| 0.22
28E |39.34] 38.66 |320.3[132.8 0,436 ; 33.2(159.8/7.02/38.0 0.23
29E |39.74 38,98 316,01.39.810.4431‘ 36.2(159.8]9.34 | 36.0 o,atp}

a9
€, is negative in extension.
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CHAPTER TX

Prateld i aliier Mie e RERMASEAY

DIISCUSSION OF TEST RESULLS

To illustrate the characteristics of the Weald Clay tested, the
data cbtained from specimens subjected to plane strain conditions
and those under conditi&na of axiel syumelry are oxamined and compared
with reference to the hypotheses reviewed earlier (see Chapter II).
Vhen roquired, further illustration of the clay behavicur is provided
by introducing comparative data from the tests on Belgium Sand as well

ag published data on other soils.

(9.1) water Content ~ Hormal Stress at Bnd of Consolidation

In the water content versus average normal streqs relationchip
at the end of consclidation (Fig, 7-3), the results from the pleane
strain teots lie slightly above the average line correspunding to the
standard friaxial test data (shown ¢éashed). For the esame value of
(Y1/3), the difference in water content is about 0.25%. This phenomenon
could possibly result frqm the rospective initial remoulding processes.
Due to their relative sizes, the standard triaxial specimen is probably
mors thorouphly reroulded than the plane etrain specimen, and, as a
result, it could be assumed that the c¢lay particles in ﬁhe.triaxial
apecimen have a denzer packing., On this hypothesis, it iz conceivable

that & ¢triaxial specimcn would require a2 smallor relative consolidation
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pressure to obtain a given water content. (However, the effect of

the particle orientation or spscinmen atructureo on the strength of

a 8o0il remains controversial. SEED & CHAN (19592) suggested that

the ¢n1tial structure of a specimen would p@obably have relatively
little influence on the strength since o reuorientation of the
particies in the zone of shear may cccur. On the other hand}

HENKEL & Sowa (1¢63) found an aporeciable difference in the w.c.-

log (01—05) ralations at failure between isotrople and KO consolidatod
'etandard triaxial specimens). . Structural eoffeats may also account

for some of the variatiou in the Ka valuss obtained from both the

axial BmeCLI"" and Dla"lﬂ strain tests,

(3.2} Stress-Strein Relations

F'l

A indicatod Ao the E61~03}/Pﬁ versus % shbyrain graphs, (Figs.
W

7-be, ?-5 and 7-20), revreseniative sircss-sivein curves for specimens

Gubjectod-to plzrs siyaln copdizions have o higher poak defiator
stress ratlo at & lower % strain than the cerresponding curves for
specinens with exiald symmetyxy. The relaftlve valucs of tﬁa axinl
sirain et meximum deviator strcss are 2-3% for the plane Gtrain
specinens and 5-8% for tho stendard friawxiel spscimens.

In the apecimens wlth no end restraint (i.e. group ¢, Fig. 7-6),

hovever, the rotis of the peeir deviater sircss Lo L} ilies within the

-

limite of the curves of the Uriexizl zpooimens. The

Group C specimens

e -y

© : -

Strueture refers to the goemetry or arrcngement of the narticles.



fail nt 2=49% azlial strain. Average valvaes cf the sasimen dovialbor
piress divided by P, az vsil o obthier otress watics, ave glven in
TARLE ©-2 Ffor the A, D, ead § grovy plare sbtrain isents, and forx

the standard trliasial tests.

v

This phenomenon of & rpigher gealk deviator girese Patlio at a
iovier ¢% straln uander conditionc of plavnc strain vhen compared to the
corresponding conditiong oF axial symnotry et the same relative
denelty is substanticted by the plane stroin tests on Belglum Sand,

Brasted Sand (CORNFORTH, 2981) and Glea Shira compacied moraine

(WouD, 1958).

(9.35) Maximum Deviotor Sitrcss versus Consolidation Pressure

Ag is sugpested in the dimengionless sgtress-strain curves of
the previous section, the ratio of the raximum deviator strass to
the major principal cffective stress at tho end ¢f consolidation
is larger for the plene strain specimenc. The relative values are
0,56 and 0.52 for thc nlbno strain (Fig. 7-14) and sriaxial (Fig.?-33)
specimens respectively. In both diagrars, the raéulﬁs of spocimens
-cﬁneolidated to Gi:=>120 pai.-plot below the average line, thus
indicating that the respective ratios may decretse slightly at high

consolidation pressures.

(9.4) @' at Failure

The resgpective strengths of plane strain and standard triaxial
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epecimens were compared, in Figs. 9-1 and 9-2, with Cheir average

normal, stresses at failure by plotitiy

(«J

1 L]
5 . ] . Amoinst
I (ul Gé)/(aiaﬁé) against
’ ‘ - -
(61+5a)/3 af. peak deviator strass ond at wexipum principal stress
rd

ratioc. The avercge horizontal line through oach set of points

W
G'.'

represente a conctant . For a normel siress range 10 \~(Ol+G;)/2 <
70 psi., the overapme strength of specimens subjected to plane strain
cpnditions is greester than the strengith of triaxial samples by

A\ga = 1,a° (aprroximately) for both failure cecriteria. The atrength
of Weald Clay under plane straia conditiéna is represented by

5" = 27.1° for pook deviator stress and £ = 27.4° gor ( /0‘)max.
vhen (61+0§)/a:> 70 psi.., the ratio (Gi»ﬁs)/(ﬁi+0;) and hence the

strength decreas:s from the average value., This could indicate a

flatiening of ih? Hohr onvelops with increasing normal pressure.

~

As shoun i: the diagrens,; tho resulic of the spscimens tested

tde
[x]
o
et
&
or
p
Q

ith no end restvraint are v agrecaent with the conventional
triaxial test data. However, tesbs on Bransted Sand (CORNFORTH, 1961)
choved that the strongth of send in fthe »lane gtrain apparatus wes
1ittle affected »y the omipsicn of tho oud clamp. I can be assunmed
that the frigtional forccs alenpy the top and bottom platens in
Cornferth’s lesin were cufficisnt For oll preciticol purposes o wein-
tain the planc sirain condition curing chear. A similar assunptien
vas mode at Lho Heorweglon Gestochnicnl rastitube when heste on roe-

. b -y R - o0 o el
tangelar pricmotilc spocirens of cana wi

oan end reghreint vere

3

cozrried oul (Sze ghonbeor II0 in the ol Sezts, on the other heng,
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ralatively smalicy frictional forxrces could ba o#pectedq along the
platens which would result in a depasriburc of tho specimen from the
plans strain condition. The spzcimens in test Noa. WC16(0) arnd
wCl8(0) were meanured after being sheared with no end restraint,
and average longitudinal strains of l.4 and 1.0% reapsctively,
gere. observed. tionsequently, tho ovidence on both sand'and clay aug-
geste that a higher cffective ongle of shearing resistance is ob-
tained when a spocimen is sutjected to plane sérain conditions.
Further ev..dence of this increcasc in ' under conditions of
plane straln is given in Fig. 9-3. In this diagram, the esands tested
by Kjellm=n, Kumieneji and Christeocnsen wore subjected to conditions

aprroximating to plane strain, and tho

Art

remaining soils were tested

»

in the Imperial College planc strain hgcwzavu The dached lince

correspenda to equal @ values in the plzane asirain and standard

triaxial testg:; all the soils tcsited lie abovse thie iino,
Investigations on cands by ARIB (1053), KIRKPATRICK (1957)

and WU, LOH & MALVEGRN (L9G3) tend %o indisaie that the strengih of

gands depends on she megnitudo of tho inbtermodiaite principal stross
(See Chapﬁer.II), wherzos tests on hollow cylinders of c¢lay by Vi,
Lobh ond Meldvern rudicated (o the ovihons that L had 1ittle iuflusnco

on the sirengith F clay. In Fig. 9«4, the hollow cylinder deie on

o <

this clay, as well o2 She resulis of

PORBAIIN.
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b . « T g 404"’ .
" The average horizontel line corresponrds to $'=32, which was aobteined

from the standard iriaxisl -test resulis. The megnitude of the ratic
6‘!

(G.m})

‘each plotted noiat. Generally, the fests with the larger values of

at failure for the hollow cylinder {ests is dencted beside

Li
Gé lie below the everage line, but, duc te the scabicr of the resulis,
no definite coneclusions vegarding the sgignificance of the intermediate

principel stross on the sirength characteristice can be drawne.

(9.5) Strecs Pabhs

Dimensionlses piress paths in terme of {Gi—G;)/(Gi+G;)cn versns
(Gi+0;)/(6£+6;)c woero plotted for the tesis with axial symmetry in
Fig. 2-5, and for the A and B groups of the plane strain tests in
Figs. 9-0 and 9-7 respectively. In all threc graphs, the stress
paths of the spesimens congelidated teo higher preseuree are gonerally
4flatfer and have & lowsr value of ’0‘ w0>,/(0“ 0;) at failure.
Approximate limits of the triawial stress paths were determined from
Fig. 9~5 and surzrimposed on the graghs for the plane strein sBpecimsens.

It can be secn that the recpective trinzisl and plene sirain atress

L‘I

¢ ¢ ¢ 1
pathe are not umigue. tho relative values of éﬂ}ﬁ@%)/(ﬁi+0})c beling
& 7

higher in ¢he pline sirein teshs, ouxcept ot the heginning of %the

shear stoge., over the length of the npaths. This phenomenon indicaton

L2 34

thal the #° mobiliced  during sheoar and the shrengih at feilure in o

e B ey

A1 LA

The subpeript . refers to the veluen ob Ghe ond of consolidaticon.

O
i.e., the
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specimen subjected to plane strain condltions is greater than that
rredicted by the Mohr-Coulomb hypothesis. .

When the intermeédiate principal strees is considered the di-
mensionless styeng poaths during aheayr ére npressed in terms of
Zjact/PE anad (Jlji)/fb, where'zzoct and Jl/B are ?he sctrahedral
shear and ogtrahedral aormal sbtremses respectively, and Pc is the
nagnitude of Jl/B at the end of consolidation. Fig; 9~-8 shows the
ralovapt stress paths fallowed.by specim@nm'with axipl symmetry; the
- A ang B group plane straln tests fre Lllustrated in Figs, 9-9 and
9-10. By sursrinposing the ap pFOhJ&&LG boundaries ¢f the triaxiel
atreass paths on the plane strain graphs, the paths of both the A and
B group tests show reasonable agreement with the triaxial data.
Howeveyr, the strcas paths of the plane airain spzeinmcns terminate

. o L (74/3 . . )
sooner, i.e. the relaitive values of 3 /Pc at failure are higher in
the plane sitrain specimens. This phenomena accounte for the differenceo

the relative (. /, values shoun in the water content versus normal
stress graphe (Fig, 7-2%9), since along cach stress path the water

consent is vongvini,.

£9.8) Pore Water Prossure Relations

A relatlonship belveen the change in pore water pressure (in

saiurated specimens) and the chango in eppiisd {total) stresses can ho

@
derived from clactic theory. The cguation ig

e an x porg

o
after BESEGSEInIn Laogan j,{F_MQTO” (i951) .
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A = ’:!-' - -no--..a.-'- -
n = Bos (Zlﬁi >é56é +£§6}) | | 9-la
whef&
B:——'—-—-—“C -_r"""—l -‘oo.-oqou 9"1b
1+ n. w o
c
c
and n = specimen porosity
Cw = compressibility of water
Cc = compressibility of soil structure

Computation of the resulic of a typical plane strain test on
weald Clay shows that, at maximum deviator stress, the predicted pore
water pressure ic equal to 5.7 psil, whereas the measured value is
16.é pei. Congecuently, the elastic tﬁeory does not describe the
pore pressure phenomenon as cbserved in the {esis.

Ths fact that the relative valves of bhoth (01-0;)/(Oi+0;)c
and (0;+0;)/(0i+02)c are larger in the planc strain specimans
(Figs. 9~-6 and 9-7) indicabtes that the induced pore water pfeésurea
are smaller in srocimens under conditions of plane strain (see Table
¢+1), and that the mejor and minor principal sitrecsses alona do not
control the pore pressure behaviour,

The oeirahedral stress pathe {(Figs. 9-9 anéd 9-10), on the other

harnd, show reasonmble agreement in tvhe two typees of test, and this
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indicates that a unigue relationship may exist during shenp betwoen
the pors water pressure and the octrahsdral stresses, The poesibility
of this relationehip was suggested by HENKEL (1960-b), who hypothesized
that the change in pore pressure during shear is related to the

changs in principal stresses by the following:

)2

Dy = 001+A62+ AGB + a'\/(AO—l-L\O'a)a-p (Ad'a- AOB)E‘} (AUB'AO-:L.
3 .

......-..-.-..-(9-2)

where A O, , AO'a andd ()‘3 are tho changes in the total strosses, and a
i:G a pore pressurc parameter depending on the soil type.

The expeorimental results indicate, however, that the relation-

ship should bs expressed as:

C.+ G+ 0.
c.

pu= G 5 4 .A’\/((Yl~62)a+(02-65)a+{0'3-0‘1)2 ovee(9-30)

wip

3

or in octrahedral momenclature

Z.\U..’-.-" AP-Q' C;'A"C‘Octq »-oooonnc-o.-nu-o--(9"‘5b:‘9

5]
(3N
[»)

whoere, in Sevas of effective stresoes, defined as

—‘Q' Ay
E e o ...o...-.......-e.(g“_}c,”

8 = e éf.‘. o

! ‘1 I
43? /_\_\ &‘.E’l;
; el

Last. N

5
QLG
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Expressed in these terms, the empirical parameter a is thought
to describe, approximately, the pore pressure behaviour during shear
in both plane straln and standard triaxial specimens, nroviding, of

course, the relative values of and u]/) at the end of consolida—

oct
tion. are eqval in the respective apecimzns Sinco the plan@ aurain
spacimen reaches failure before the triamial spscimen (1.0. the
otress path is saorter), the values of » &t failure will not be
the same in the Swo teste. Typical values of a at peak deviator
séreas are 2.9 a2d 3.7 for the plane strein and trilaxial specimens
reaéectively. Average values of a for the A and B group plane
strain tests as »yell as for the triaxiel tests are given in Tablie
9-1. The=z¢ average valves, however, ars not strictly comparable

because of the differing conditions at the end of consolidation.

(9.7) Octrahedral Failuro Conditions

el

G oas X ¥ .
In the ¢ © ”/Pc) versus (Jl/ﬁbgpc disgrams {(Fige. 9~9 and

4]

0-10), the ceincidence of the octrahedral stross paths prior Lo

ailure for the plane nirain and triaxial spcclmens shows that the
initial yield of the spocimens is conirollied by the octrahedral

stressss (c.f. von Miges material). Failure, howsver. is not con-

trolied by the

Q

ctranedral streasses. This is dllustrated in TFigs.
9_11 g QwlZ 3 - hiel L oct 4 ot - . J - 2

1 and 9~12Z, i7 which 4314 vae plotied against (Y1/3) Zor
the maximum devieator atress and wexlnum principal sitress ratio

criteria renpectively. In both dingroms, the fadlure pointo for tho
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. plane strain apeciﬁena lie below the pointa:réprésenting'the atandard
triaxial data, ard hence the von Mises hypothesis for tfailure is not
valid for the cley teested.

In Fig. 9-13, a graphical reprozentation of the plane strain
results on the octrahedral plane shows the relative poeitioﬁ of the
failure points tc varioué failure envelopss. All envelopes were deo-
.- termined from g! = 25.90, as cbtained from the standard triaxzial test
data. In the Mohwr-Coulomb and Calemunm criteria, it was assumed that
@' in extension is equal to @' in compreésiomnﬂ. Also illustrated
. on the disgram are the stress paths for the group B tests, and, in
another sector, the average stress pack for the group A tests. The
starting point of each stress ic determinced by the magnitudse of the
octrahedral sheesr stress at the end of consolidation and, since Gé =
0;, this point lies close to the major principal éxis. During sheazr,
as the differencc between Gi and G{ increases, the path departs from
the proximity of the mejor principal euis and approaches the failure

point in approxinately a straight line. YThe failure points for the

n
Coleman'®s eriteria in terms of effective stresses ls:
[

- ;A‘L L(Zd Y5 4 L ,/ 3 a:}in @ .
[ A ] ] ]
vhere 432 = (cqu»)(o'np )p( 3 (0, “p J+(G=p 1O}-p )
[
RV
k1 2 2 q ¢ H
A= {Gy~p MU,=p M{Oy-p ) '
aga
SO#A (1263) found F' (extensicn)=m= §' (comprossion) for the Weald

Clay usced in thie thesio.



- 123 -

_nine plane strain tests shown do not agree with any of the yield
,3criteria diawn on the diagram. The hypotheses of,von'ﬂiees,vTrasca
and.001eman each overestimate the strength of clay_ﬁhen subje@ted to
plene strain conditions, and the Mohr-Coulomb criteria, e illustrated
earlier, undereetimgyés the astrength.

JOﬁANSEN (1958) propoged, in cases where the actual failure
’ points lie between tho von Mises and Mohr-Coulomb e'nv'élopes in

étresa space, that a unigque criterié might be obtained-by using
weiéhted values of the intermediate principal streaa.' He augéeats
‘that the norwal and shear stresses in a plane for wvhich the direction
cosines to the normal are lﬁl,c& , l)/'VE+a(2 j]bp used as variables
(8ee Chapter II). The stresses are defined by the following:
0y + L20), O,

2 3 -.00----0(9"“’3)

2 +U)\2 . X

&, =

~

and

A2 ' 12 o e v 2 12
T :ifx (03 -0 )74 (0 -05)+ 4 7(0,-03) veeneees(9-bb)

A 2 s A2

end the proposed failwre c¢criterion is:

?

F(G, ;t%&) = conghant. l secrsesee(9=lic)

The vesulis of hoth the plane atenin tests and the tests with
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axial symmetry were plotted using Johausents variables aarggf againet

O, in Fig, 9-14, Although the plenc strain data plots slightly
below the standard triaxial reaulits, this empirical hypoﬁhesié pro-
vides a more uniguoe correlation between the two types of test than

any of the other criteria investigated.

(9.8) Intermédiate Principal Stress

Th§ magnittdo of the intermediate principal stress under plane
strain-econditions can be predicted from elastic theory if it is
assuned that tho s0il behaves ac an clastic body and that the asoil
structure is isctropic, The principal straine can be related to the

principal effective stresscs by the fbllowing:

1 J g ! |

e, = & [/.m‘l -/LL(AO‘E-;-AG'.:B)] vereess(9=5a)
3 [, ¢ J 3 ‘ '

ea = i:ﬂ -:Q(Ta -‘}X(A 614'&0521 . """"(9"5b)
I PR L | ‘

ey = % 53.0*3 -~ MO0y »,./.\.oai( " eeeesea(9-5c)

where b = Young'e modulus and/ALa Poleoen's yratlio.
> s \' E
For K conselidation, 0, = 6. = 0, and ZXOP =ZSO§. Substituting
[ o .

in equaktlon (O-%¢) and simplifying, we got:

4
VO
.ém,é:', = M = Kg cosaes(9=58)

9
ANy RN,
‘Jl K /A
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or KO ol-looon-ocg"s‘é)

Since ea=0 for the condition of plens gtrain as well as for Ko conl~
mqlidation,.oqua%icn(9«5b) is ﬁalid from tho boginniqg of the test

angd by éubatituu“on thc gguation roduces o
A‘ ’ (A —f\! / r-\’) 4 n‘
0“2 = /_,L Ul + 4y U?; cc.-.-.-.--‘.9"51,

Qr G- -.-....-...{9"’55)

1]
o~
N
o
S
s

gubstituting (9-Se)

y 3¢ ' LG) (
Ga - .,..‘;9..‘—»‘(0_'] ...O}j, esevscecre e 9"’5h)

LN -
0

makin the average K value of 0.59 for teald Clay, elsatic
theory predicts Al = [?‘/(0‘&0}.} = 0,37 which is slightly smallewn
than the messured values (sce Fige. 7-8 aud 7-9). The theory,
therefore, undorvestimaites the valus of the lantermediate principal
ptroas. Thim ir substantizated by the tests on Belgium Sand, Brasted
Sand (CORNFORTH, 1901} and Glen Shirn conpacted moraine (GOOD, 1958).

9
An alterrative methoed of detcormining 6‘ o to assunso that tho

clay bhehaves as o perfectly plastic materinl. Tho rolation bhatuoen

tN

4

A P PO S y LN D ey - S . caonan? G
the plaetic prirciaonld stroing ond Lhs =wlweldpnld obtroosos for the
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condition of incompressibility (i.e.AV=0) is given by

? t H
2 Gé - Gi . Ué - a.dea - doy -~ QGE veveen.(9-62)
11 t
Gi - O3 del - g :

where dal, dea, and 695 are small incremenis of plastic strain.

Under conditions of plane strain dea = 0 and del = - des.

therefore equation (9-6a) raduces to

L ¢ ]
-— 4, - -
62 - 32(5\1 0\5) l‘la.v'.(g 6b)
which overestlmates the intermediate principal stress.
t
Dr. Bishop's relationship for obiaining Gé, i.e.
—vj 2 s . )
N /1
._s._,jé.._.. = coe E, --....(8"1)
] [
Oi+05 2

] ¢ ’
can be derived as follows. If we assume that Gé = KOOi and Ko =

t
. (1 - in #), and we keow that, for o' = 0, Ol/bé = ifﬁiﬁgz ’
then
. ' v !
02 _ EO ~ (3~ ein @10,
T v = Tt ¢ £
Oi -,«.0"3 (Tl'é'O‘E Cst]‘ + U}}

)

sec JAEGER 1062, p.99. -
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]
¢
dividing by 05 end substituting for Oi/Gé,

o . (l-sin g)(1*Qi§Qi)

~ging’

G +0? " Tiein @

iegin G° 1

which reduces to

v
2 . 2
G.a = S‘:L e Bi‘ﬂ.afé_'.) = CQE‘ ,0;0 oms e .o 50(8‘“1)

The resaulits of both Weod!'n and Cornforth's tegts on moraine and
Brasted Sand respectively. as well as the date from the Weald Clay
(Figs. 7-8 and 7-9) end Belgium Sand tests (Figs. 8-3) indlcate that
equation 8-1 upproximately deaocribes the relationship botwueen the

three princiyal stresees ond the angle of gheaving resistance. The
! 1
t

. : O, el <L . s

valuee of tho ratio [ .?.r’(_O1 " 032j are only slightly higher than
2.' - » e

the values predlcted by cos ¢ for all fovr materials.

? i

(9.9) Yield Surface in (e, » , u) Spuco

ROSCOR, SCIONIELD £ WROTH (1.9%0) peooposed that a soil specimen,

when gheared, wltinrtoly recched o cwiitical voids ratio at whieh

lerge deformatios jocuvrrsd vwith no ¢hongs in volums or applied

R

¢ = voids ravio, ¢ = (0,7},

aorpol effaective prosgure =

D)
1/3.
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stross. Also it was suggested that the coatinuous yielding of the
specimen during shear could be rapresented by a loadiag path which
rises to a yiold surfece in (e, », q) space and then remains on that
surface. In a svbsequent papsr {R0SCOE & PGOﬁOOSHASB, 1863), o method
of representing the yield surface_diagrammatically in {wo dimensions

was suggestod. The variables recuired are Tkhand 5.,

whera
0., = Q. q
TL = il 3’)) = q/p oco.l¢(9"7a)
1
Y
and
2 v~ W
§ = 3.exp.(wa ) casaas(9=7h)
1§ }f{”
and vhera
v, = watey conbent of a normally consolidated
»
sample under unit anisoiropic sBtress;
W = wnbter content at the end of consolidation;

) ' .
slope of ths (w.c. n-logep) curve.

>
t

o
=

he poini cut in the papar, for av undrained test
A 9

]

> D

5 = 8

B’

0
Roscoe & Poorocshosh defined vooan ths water content uader uvnit
isotropic sbrers. Hevaver, pilice KD cengolidation wos used in
thig casc. no ¢

nomaly would be cupacted in defining w a8 akovo.
Lory



- iz9 -
whero P. is the oquilibrium pressure at the end of consolidation.

In Figs. 9-15 and 9-16, the triaxial data and the resulis of
the plane strain tests on Weald Clay, respectively, are shown with
thesas variables. When the approximate boundaries of tho triaxial
‘curves are superimposed on the plans strain graph, it can be seen
that the Burfaces° defined by the plane strain curves lie above those
defined by the triaxial data.

However, wnen the octrahedral shear stress is used instcad of
the deviator stress, the curves becoms coincident and a unigue
surface can be obtained for both the standard triaxial and plane
strain data. The triaxial results plotted on this basis are shown

in Fig. 9-17, and the plane strain results are given in Fig. 9-18.

(9,10) Summavry ard Conclusione

For both tlko elay and the sand tested, the strength in terms of
ﬁ' of specimens subjected to plane strain conditions is greater than
that of specimens under conditions of axial symmetry. The angles of
shearing rosistance for Wezld Clay as determined from the plane strain
data are @' = 27.1° and @' = 27.4° for tho meximum doviator stress and
maximum principal stress ratio criteria respsctively. These values

are c.iH% larger than the @' values obiained from the standard triaxial

n .
More than onc surface exdsts because. for this clay, the relative

0. -0 ) )
(1 "3) velues drpend on the consolidation procsure.
D



- 130 -
test results. Thc data from the Belgium Sand tests showed that the
plane strain condition increased the angle of shearing resistance by
¢.3 to Uf% dopending on whether the specimens were loosc or dense,
respoctively. Thc results of the sand teste are substantiated by tho
works of Kjellman, Kummeneje, Christensen and Cornforth.

The % axia’ strain at failure is smaller in the plane strain
specimens than in the standard triaxial specimens for both soils.

In the clay tests, the pore water pressures appear to be controlled
by the octrahedra’. stresses (as hypothesized by Henkel), and, at failure,
are smaller in the plene strain specimens for a given consolidation
pressure.

The intermcdiate principal eoffective stress for the plane strain
condition is slightly under-estimated if prediocted by elastic theory
and over-estimatecd if the plastic theory is used. The magnitude of Gé“
for Weald Clay as measured was 0.40 to 0.42 times the sum of the other
two principal stresses. The relationship suggested by Dr. Bishop
between the three primcipal stresses and the angle of shearing resis-
tance in terms of offective stresses chows good agreement with the
measured values,

When expreesed in terms of octrahedral stresses, the strength
of the Weald Clay specimens is over-estimated by the criteria of von
Mises, Tresga and Coleman and under-estimated by the extended Mohr-
Coulomb hypothesic, Tho cmpiriecal. criterion proposed by Johansen,

howevor, provides an aepproximate correlation between the octrahedral
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strezzes of .the plene sbrain and standarxd tidesnlel. datea.
The coincidence of the octrahedral. stress paths up to failure
in the plane strain specimens indicates that o unique yield surfaco

oxlsts in (@ g{)l ,f,&) gpace for the two types of test.
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TABLE O~1  STRESS RATIOS FOR PLANE SURATHN £ AXTAL SYMMETRY

Ratio Group A Group B Group C sﬁ;ﬁ’:é,y
0.9
2 5 K 0.568 0.585 0,62 0,59
gs °
1
(6", |
e 1.490 1.387 10346 1.578
']
(0"
= £ 0.755 0,802 0,827 0.824
(G;0)
—%—«-@- 0,735 0,802 0,827 0,82k
['+]
(07 0-031)
-1-13-2—‘& 0,620 0,585 0,519 0,554
[
(05 '=00)
L -2 Foste 0.820 0.772 0,733 0,71k
['+]
(C.*~0,')
—-1(6_—%—“’8’" 0.580 0,557 0,544 0,518
1 .
(0,0, |
5 1,308 1,248 1,214 1.19%
[
(G.,")
g £ 0,749 0,673 - -
[+]
(g.0)
_%"’g' 0015‘88 o::‘“‘?& 001}78 00480
¢}
A = AU e 155 1.7% 1.63 2,15
GG,

Si /3 .
a = -(%'T‘o':‘;) 2083 3e?6 - 3083
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APFENDIX 1,

PROCENURE FOR MAKING RUDBER SEMERANES

As with tho previous expsrimsnters on the plane strain apparatus,
the author found it more convenient teo produce rubber nembrancs in
the laboratory from a latex solution than to obtailn conmmercially
made replicas. ‘lhe procedure adopted, due to the requirements of
the long-torm tests, differed slightly from the previous procedures,
To avoid excessivo molsture migration through the membrane durlng
the three to five week testing period, it was decided to make the
membrane at leas: 0.02 in. thick. This was accompliched by dipping
the former, vhich had been scrubbed c¢lean in warm water and detergent,
into the latex bnth approximately eight times.

The dipping procsess cencicted of slowly immersing the former
into the bath so0 as not to create air bubbles, allowing about a
minute to elapse. and then slowly withdrawing it until the top wae
Jjust above the surface of the latex. Further time was parmitted for
the excess solution to run cff the top of the former before it was
removed from the bath. The process tcok about threo minutes, after
wvhich the former was hung up to dry for a minimom of two hours. To
obtain an even wcmbrane thickneos, the former was invertoed fob
alternate dippings, ond extra lotex wes cnplied %o the cornsrs bo-
tween dippings.

tthen vho Siand diuping voo completad, the membrane was allowed
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to ""curs® on the former for 24 hours. Then French chalk was dusted
on the surfoce, the upper and lower susfaces wore cut away to fit
the platens of the plane strain apparatusg, and the membrane was
carefully strippsd from the former as nore chalk was applied to
its inner surface. After being checked for holes or imperfections,
the membrane was put away to cure for znother two days before use.

A membfane made in the above manner would have a useful life
of three tc four monthe if it were hancdled with care. For more
detailed information ebout the equipment uced in this process,

the reader is referred to WOOD (2958).
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APPENDIX 2

— on

CORRECTIONS TO THE MEASURED STRENGTH

(a) Clay Tesis:

Coxrectlions to the meesurcd doviator stress in the planc strain
test arc necessary te account for the restraint imposed by the
rubber mombrane, the filter papsr strips and the Gé end effect.
Due to the complaxity of the factors involved, a suitable correction
can be found only by empirical means. In standard triaxial spscimona,
HENKEL & GILBERT (1952) obteined an average correction %o the
deviator stress by comparing the results of unconfined tests with

teets in which o rubber membrane and f£filter atrips wore used.

o

However, tims did not permit the corresponding series of plane
strain tests, anl thus the adopted average correction was dotermined

from the approxinate methods describad balow.

(1) LA ROCHELLE (1.960) ~ Modificd Method®

For 1% in, diamcter standard triaxial spscimens, La Rochelle
proposed the following deviator stress correction to account for the

nembrane and filier astrip offccts:

43
i

]
- thOO <+ 0-06 2175 -+ 0006 -+ O-OL} GE Psiu a-o-(AZ"’lﬂ)

.
v

wvhere G = tosal doviator stresas correction

aial strein

]
i

L
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1,00 = filter drain corpsction in psi.

£}

00055,‘% = menbrene correction due to spocimen bulging
0.06 = correction for rigidity of mombrane
00040!3 = friction component bstueen membrane and specimen.
To account for the difference in the relative sizes of the plane
strain and triaxial specimens, and for the difference in the thickness
of the rubber membranes used in the tuo tyres of test, equation (A2-1a)

is oxpresgsed for the plane strain test in the fornm:

I ]
o = - 005?5 + 00,0225 % + 00087 + .C“oO'l::‘j + 0011}8 G] psio ceco
¥ [ “ R 7% (A2-1b)

where the last term in the expression is the correction arising from

the friction at the specimen ends csused by the Gé end clamp. (see WOOD,1958).

(11) BISHOP & HENKEL (1957) — Modified Method:

o.nr . [0053 ,ex XEM =€) 001480‘:2/;. polc eees (A2-2)

(o)

vhere CJr is the total correction to be applied to the deviator
stress}
0.53 = 1.4 % 1.5/ is the filter drain correction and is
independent of % strain and the effective cell pressurej
the second term is the correction for the stiffness of the

membrane (P is the perimeter of the specimen, M is the
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oztenslon modulua of the rubber membranc in 1b./in,
Ac is the initial cro=ms-sectlonsal area of the specimon
and E, ia ths % styvain);

the last term is the 02

Both Woed and Cornforih used a form of cquation A2-2 without

offect asc above.

the filter striy correction. In the hypotheses of Bisghop & Henlkel
and La Rochelle, however, no consideration of Ko ceonsolidation is
giveny henco it is uncertalin whother the % strain should be takeon
from the beginning of the test or from the start of the shear stage.
In the graph of Fig. A2-l, it has becen assumed that the rubber mom-
brane and fiiter paper restrzint is offective from tho beglnping
of the consoliidation stage ond is fully oposrative when the shear
stage starts. It bhas been Further assumed that &the corrections are
proportional to ¥ strain until buckling oceurs end then the strain
depandent corrcciion remelns constoant. DPleotted in Fig, 42-1 against
tho % strairn during tho shear stage are the above equations ané the
resulés of rubbsy saéple tested in the plenc eirain apparatus with
gnd without filt:r strips ond o wembrans. 7The curve for the rubber
sample goas through zero as the sample woe not Ko conzollidated
before atresuing. The adopted correciion to the deviator astress in
the shear stoge 21 all cleay teeteo wos 1.0 psi. throughout,

The cerrcesion 4o the doviotor gircss due to the Q; end effecst
which wan descericed by Weod for ithe uvadroined tost, can be modified

to confors o th- roguirenmsnte of the draincd tost. A brief revien of
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the undrained case will be given f{irst.

The addiiisnal smount of deviator siress raquired to overconme
the friction betvween the end plates and the greased membrane at the
specimen onds can be calculated from the work necessary tec move the
specimen along the end plates. By consgidering a point with the co~
ordinates x, y, on the ond of the specimen as in Fig., A2-2, the =z
component of moviment will be éx.x, whera éﬁ is the latersld strain,
and the y componznt of movement will be éy)y, vhore Qy is the axiel

strain.

¥

b

h o

Fig. A2-2. Blement or the end of the epecimon.

~ & and tho rosultant displacement

yooo=

For the umadrained test, é

of the point ileo:

The work dobe by Sho friction force =cbting on the area dx.dy will be

GHC = D .
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vhere m ie the coefficiont of frictien and ¢ d4is the normal forcs,
By dntsegrating tice the work done on cnc-quarter of the end of the

epacimen booomes

EA 3 2
W | . oelbk b’ . .-lh b b -
Wy, =g |odas ™ &+ h3 e8inh T & o+ 2 noe 1. N Cy' . M
[ —)

Substituting the numerical values of b = 4 units and h = 8 units,

the expression rzduces to

Now if the input of work by the deviator stress to overcome this Oé

effecct is Wﬁg thm

W, = 1, xn 2b x 2h w {0 o« )
¥ 1 3

vhere L ie the guscimen lengith, & is one-half the width, h is ong-
half the height and (0} - 0“3)r is the ounbtra deviator stress to over-
come@ the iriction.

Sinee W = U, , then
e <

(‘}tl had 6})}?‘ - 091!‘{’80‘}1 nou----cu-.(Aa"B)
in the drained test, £+ 6 = "”;7 and by e similsr

LN

cpalysic tho exiroa devietor stvoss zequired is detormingd, en:



h‘é;‘)" bé.x
8 0 n 2 > i
o= x4+ ¥y dy.dx:
E'o E, € W ¥ e
o
0 o
or
3 . 2
& on (b.& ) (20 €_ hé b&
! PR e p— - - -
o = & . & | ¥ , 2 \ '(;«—E) * (rS)eink™t
& y
‘) 1 G;y C‘y 3
ne be
Y .y =L X
WE -t ginh hey
'.5 (03. - 0:-5)!‘ = . we = ?JQ o--ooa-(AZ““)
nyanbeh 12:8&y

(b) SAND TESTS:

The corrections to the deviator stress for plane strain tests
on sands consist of the rubber membrane cerrection and the'OE end
effoct as doscribed abova. #Fig. A2-3 shows the typical corrections

for loose, mediunm and donse sznd.
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APEURDIX 3
GRAFHICAL PRESENTATION OF THE RESULTS OF THE PLANE STRAIN

UNDRAINED TESTS ON WEALD CIAY
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APPENDIX &

GRAFPHICAL PRESENTATION OF THE RESULL'S OF THE PLANE STRAIN AND

STANDARD TRIAXIAL DRAINED TESTS ON BELGIUM SAND (SABLE DE MOL)

W.B. The energy corrsction suggestod by BISHOP (1950)
hes not bsen applied to the test resulis,
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PERNDIX 5

E

CALINRATION OF IMEASURING DEVICES

[

{a) Proving Biugs

The proving rings usoed each had o maximum capacity of 3000 1b.
and waré calibrat@d‘by throe different pethods depsnding on the load
range roquirsd. For lozads up to 120 1b., dead welghts were placed
on each ring through & piston running ia & ball race. Intermediate
loads up to about 1300 ib. were appliced by utilizding the lever system
of the shear box apparsatus; the lever arm vas meacured with a
vernier telescope to the noearest ogoi @8, to ensure an accurate
ascessnent of the applied load. The Loshenhausenwerk hydraulic
testing machine in the Aecronautical Inginecring Dopartment was used
for the heavy loading of theo rings. Ezch calibration was carried
out with ball bearings at the top and hottom of the rings to simulate
actual testing conditions. |

The hydraulic testing machine cal’bration for ring Ho. 130
was higher thar either of the other calibrations. (See Fig. AS-1).
This could possibly be the result of incorrset alighnment when lnitial-
ly positioning the ring in the machine. Since the ringes were never
loaded beyond 50% capacity in the planc gstrain tests, the hydraulie

machine calibrations were rarely used.



- 1%l -

(b) Pressurc Gauges

The cell piaBsure, pare pressure and Oé gauges were calibrated
by connecting them to a triexisl cell fitted with & rotating bush.
The cell was filled with water anéd toppod with castor oil, and dead
weights woere placed on the ram to increacsa the pressure in the system.
The magnitude of the pressure was determined by dividing the weights
by the cross-sectional area of the ram. The calibration curves are

plotted in Fig. A5-2.

(¢c) Plane Strain End Clamp

Before any calibrations could be performed on the end clamp,
it had to bs de-zired as completely as possible. This was effacted
by disconnecting the saran iead from the null indicator and loosening
the de-airing scrow. (Sce Fig. 3-2). The entire end clamp was then
immersed in a pan of de-aired water and the de-alring screw taken out
altogéther° A vacuum was applisdéd to the cell so that water passed
through it; & gentle pumping action on tho diaphragm usually helped
to dislodge trappcd a&ir bubbles. When this wes completed, the de-
airing screw was replaced and itightened cecurely, and the end clamp
taken from the paa of water. Tho saran tubing was reconnected, cares
boing teken to pravent air getiing intoe the system. To detormine
whethor the de-airing oporation were sugeessful, the plane streia cell
was asgembied around the ond clamp and £illed with water. The prossuro

iz both the ¢ell and the ond clamp wes Incressed by ar equal amount,
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the Oé geuge rsading being equal te the celld prossure plus the
pressure heod of the mercury column in tho null indicator. If no
air were present, the morcury columa moved only ﬁy an amount Correge
ponding to the cxpansion of the saram tubling and other components
in the systom. The prescnce of air wacs indlcated by a large increase
in the height of the mercury. (In the adequately do-aired Bysteﬁ
under equal internel and external pressures, the increase in mercury
height to account for the expansion qf the saran tubing, etc., was
approximately 1/10 in. or 1l division on the scale fer a pressure of
150 psi.).

For all testes in which the intermediate principal stress was
manually controlled, calibrations wore regquired to cnsurs the main-
tenance of the plene strain condition end to enable the calculation
of the Gé

in the end clamp cell ie greater than the cell pressure, a corroction

values to be made. During the shear stage when the pressure

to the mercury hoight in the nrull indicator has to be made to conm~
pensate for the sxtemsion of the tieo borao, thoe compression of the
rubber diaphragm and further sexpzusion of the Gé syatem. This was

determined by dlacing a dummy steel

0]

anpic betwoen the end plates

of the Gé belt, lncrementally increzcing the pressure in the systenm

with the hand-op:rated screw ram, ard noting the corresponding rise

of ths mereunry thread in the null indicator. Tho resuliing curve is
given In Fig. £5-3. The clostic conprescgion of the dunmy sanpls is

subtracted from che obeorved curve, and the 0, net pressure ic defined
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as the difference bétween the pressure in the GE cell and the con-
fining prsssure. To slmplify rsadings, the head of mercury was added
to the nat:prassureo thus giving the net Gé géuga readiﬁg. The end
clamp was ‘re-calibrated several times during the test programme to
check the ériginal calibretion. By replacing the previous nylon tub-
ihg with a saran lead, the loss of water from the system through the
tubing walls was reduced to negligible quantities for the duration
of each teast. Although the tests lasted for approximately one month
each, the stressss in theo Gé system were ccnsidered insufficient to
produce significant creep phenomena; variations in temperature,
especially in thz winter monthe, did produce small fluctuations in
the mercury thread of the null indicator as well as in pore pressure
measurements. Hovever, both creep and temporature were assumed to
exhibit only second order effects on the measured stresses.

The second part of the calibration was carried out to correlate

the observed G, zauge pressure with the load transmitted to the speci-

2
men onds during shear. Wood°a procedure of applying known 1oaﬁa to
the face of the 2nd clamp and noting the resulting gauge pressure

was adopted. By placing the ond clomp on its "back" with the tie

bares in the air, dead weights wero applied via a hanger system sup-
vorted on a ball bearing in the contre of the face plate. The mercury
dave) in the null indicator was adjusted by increasing the preassure

with the screw rem, and the gauge preesurc was noted, Fig. AS5-4

shows the lond-prassure relatilonship for the mercury thread kept at
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the zero mark ard for the mercury level varied to compensate for tie
bar extension, ¢t¢. as indicated in Fig. AS5-3. This method avoided
the necessity of determin;pg the effentive area of the diaphrégm
to coxrrelate the measured Oé-pressure with the Oé acting on the
specimen.

For the test (WC1ll) in which the intermediste stress wms auto-
matically cpntrollsd, 1% was assumed that the no-length-change con~
dition was maintained by the longitudinal strain indicator's
activating via & servo-mechanism, the motor-driven screw ram con-
nected to the ord clamp pressure syster. Consequently, the calib-
ration in Fig. £5-3 was not used. However, a correction to the
measured Gé preesure was necegsary to account for the diaphragm
restraint when it was being stretched by the pressure in the Gé cell.
The amount of stretching during the shear stage of the test was
regigtered as an increasec in height of the nercury level im the null
indicator. The calibration was conducted with the end clamp sitting
under atmospheric pressure; 1t consisted of increasing the pressure
in the Oé cell with the screw ram, allowing the system to come to
equilibrium, anc¢ noting the null indicator mercury height. A similar
procedure was fclloweé when the pressure was decreacad. The pressurs
wvas measured on & marcury manonater and included the diaphragm
restraint plus the head of mercury in the null indicator. (Seo Fig.
A5-5). The diephrogm restraint is the difference botween the curve

and the straight line. Afier correcting the gauge pressure for the
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diaphragm restraint, the force on the samplo ends was obtained from

the load-pressurc curve in Fig. AS-=L4.
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APPENDIX 6

THE RELATTIONSHIP FETWEEN THE WATER CONTENT AWD THE UNDRAINED SHEAR

STRENGTH OF WEALD CLAY AS DETERMINED IN THE lINIATURE VANE APPARATUS
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